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ABSTRACT 

The rotating packed bed (RPB) has shown promising advantages for post-combustion 

carbon capture (PCC), such as its high mass transfer rate and compact structure. 

However, there is limited understanding of the hydrodynamics and mass transfer 

performance within the RPB, including the liquid dispersion in the packing region, CO2 

capture in the outer cavity zone, etc., when comparing with the conventional packed 

bed (CPB). This is largely because there is not an appropriate computational method 

that can simulate the fluid flows and the carbon capture processes in a full scale RPB 

in 3D due to the multiscale of the problem. These restrict the commercial application 

of the RPB technologies.  

The objectives of this thesis is to effectively investigate the hydrodynamics and mass 

transfer in the multi-scale RPB by employing the Eulerian porous medium approach 

and developing associated necessary process specific sub-models. The liquid dispersion 

and CO2 capture processes are respectively studied in a lab-scale and a pilot-scale RPB, 

and the CO2 capture performance in the RPB is compared with CPB. 

Firstly, a 3D Eulerian porous medium model is established coupled with the appropriate 

interfacial, drag and dispersion forces formulations for investigating the effect of the 

liquid dispersion in a practical lab-scale RPB. The sensitivity of the parameters 

employed in these formulations is thoroughly analyzed. New forms of the porous 

resistance model and the effective interfacial area correlation are developed for the non-

uniform two-phase flows. The simulation results show that the effect of the capillary 

pressure and mechanical dispersion forces on the liquid flow distribution and holdup in 

the RPB is clear and important. In addition, increasing the number of the liquid nozzles 
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from 1-4 could improve the liquid distribution and liquid holdup in the packing region 

substantially. 

Secondly, a full 3D CFD model, including the packing and the inner and outer cavity 

zones, is established based on a pilot-scale RPB, employing the Eulerian porous 

medium method. The CO2 capture processes, including the hydrodynamics, 

thermodynamics, and mass transfer, are examined within the entire RPB. The CO2 

capture performance in the packing and outer cavity zones has been quantitatively 

analyzed under different operating conditions. The simulation results show good 

agreement with the experimental data, and the contribution of the outer cavity zone to 

the CO2 capture of the RPB is in the range of 28 %-42 % in this established RPB.   

Thirdly, a large-scale RPB is established computationally according to a design 

procedure and the experimental parameters from a CPB pilot plant. The CO2 capture 

processes in the RPB are effectively and extensively investigated by employing the 

Eulerian porous medium method and various sub-models developed. Furthermore, the 

RPB and CPB have been critically compared under different operating conditions. The 

simulation results show that compared with the CPB, the liquid flow rate could be saved 

by 40% when using a 50% MEA concentration solution instead of 30%, and the volume 

of the packed bed in the RPB could be reduced by 80%.  

This thesis provides a new and effective approach to simulate the hydrodynamics and 

CO2 capture processes in full-scale RPBs, and it also provides important information 

for the scaling up and operation of RPBs for PCC, highlighting the important potential 

of RPBs for industrial applications.  
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CHAPTER 1 : INTRODUCTION  

Summary 

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

serious issues of CO2 emissions and the reasons for CO2 capture. Then, a description 

of the post-combustion carbon capture (PCC) technology using a conventional packing 

bed (CPB) is introduced. In addition, the potential of employing a rotating packed bed 

(RPB) as the process intensification (PI) equipment in the context of PCC is introduced, 

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

aims, novelties, and structure of the thesis are presented. 

1.1 Research background 

Greenhouse gas emissions, mainly carbon dioxide, have become an urgent issue in the 

21st century, leading to the temperature continuously increasing in the Earth’s 

atmosphere. The current concentration of CO2 in the air has increased by about 1.5 

times compared with the levels of the pre-industrial revolution and with a growth rate 

of about 2.2% per year [1].As a result, the Earth’s temperature has risen by 0.18 °C per 

decade since 1981 [2]. This continuous climate change has caused many problems, such 

as desertification, rising sea-level, as well as stronger extreme weather events. It is 

reported by the Intergovernmental Panel on Climate Change (IPCC) that the global 

greenhouse gas emissions must be reduced by 50-85% by 2050 and limit global 
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warming below 2 degrees [3]. The EU has a commitment for a net-zero greenhouse gas 

emissions target by 2050 [4], which aims to achieve a balance between the amount of 

greenhouse gas emissions produced and the amount removed from the atmosphere [5]. 

Therefore, reducing CO2 emissions has become an emergency activity. 

The worldwide power plants contribute a huge amount of CO2, which could be up to 

30% of the total CO2 emissions [6]. It has been noted that a 500 MWe supercritical coal-

fired power plant, operating at an efficiency of 46%, releases more than 8,000 tonnes 

of pure CO2 per day which is a huge volume [7]. Although other methods and renewable 

resources, such as solar, wind, and tidal, have been utilized in generating electricity, the 

cost and their limits restrict their use in electricity generation. Thus, employing fossil 

fuel power stations will continue to play a critical role in generating electricity for many 

years to come. Accordingly, the CO2 released by the power stations is required to be 

captured. 

1.2 Conventional PCC process 

At present, there are mainly three basic kinds of CO2 capture systems for the use of 

fossil fuels: post-combustion carbon capture (PCC), pre-combustion carbon capture, 

oxy-fuel combustion carbon capture. In particular, PCC based on the amine solvents is 

the most mature and commercial way to reduce CO2 emissions from power plants [8, 

9] because of its fast reaction rate, considerable gas throughput, as well as the flexibility 

to retrofit the existing power plants.  

A typical amine-based CO2 capture process is shown in Figure 1-1 [10]. The 

conventional packed beds (CPBs) are usually employed as the absorber and desorber – 

the two most important units in the CO2 capture system. In the absorber, the CO2 in the 
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raw gas feeding from the bottom counter-current contacts and reacts with the amine 

solvent flowing down from the top. Then, the treated gas will be released into the air at 

the top of the absorber and the rich amine solvent (the CO2 absorbed solution) passes 

through heat exchanger and enters the desorber to regenerate. In the desorber, the high-

temperature steam produced by the reboiler flows upward and the CO2 will be separated. 

The obtained lean solvent is then pumped into the absorber and this begins the next 

round of the CO2 capture process.  

 

Figure 1-1 Simplified diagram of the carbon capture process using CPBs [10].  

As mentioned above, the absorption unit (CPB), where the gas and liquid react, is one 

of the most important units in the amine-based CO2 capture system. The absorber can 

directly affect the gas-liquid mass transfer and chemical reaction rate. Generally, the 

huge amount of raw gas needs to be treated in the CPB, which results in the large 

absorber size and the expensive capital cost. For example, Lawal et al. [7] reported that 

two absorbers with a packing height of 17 m and 9 m in diameter will be required to 

remove CO2 from the flue gas of a 500 MWe sub-critical coal-fired power plant. In 

addition, the high amine solvent flow rate demanded by the large CPB would consume 
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large heat energy for the rich solvent regeneration, which leads to a reduction in the 

power generation efficiency by up to 13% [11]. Although it has been proved that 

employing higher concentrated solutions could reduce the solvent flow rate and have a 

larger absorption capacity [12], the high-concentrated amine solution with a high 

viscosity is rarely used in the CPB because of its severe corrosion and poor liquid 

dispersion performance. Also, the liquid misdistribution could form in the gravity field 

when the liquid flows downward, thus causing a smaller gas-liquid contact area and a 

poor mass transfer performance. Hence, some effort should be put into overcoming 

these issues, including the high energy consumption, the very poor gas-liquid contact 

behaviour as well as the huge facility size. 

1.3 Rotating packed bed for PCC 

Process intensification (PI) has been attracting considerable attention owing to the 

centrifugal force resulting from a high gravitational environment (100-1000 times 

gravity) [13]. The rotating packed bed (RPB), one of the most important applications 

in the topic of PI, has the potential to enhance the CO2 capture performance. Generally, 

the RPB may be divided into three main parts from the inside to outside - inner cavity, 

packing and outer cavity zones, see Figure 1-2. At the beginning, the liquid jets out 

from the liquid distributor and passes through the inner cavity zone entering the packing 

region with only a radial velocity. Then it hits against with the rotating porous packing 

violently and the liquid is quickly dispersed, some of the liquid is attached to the 

packing surface and some eventually splits into numerous tiny droplets. This process 

forms a large effective interfacial area (m2/m3) between the gas and liquid phases and 

renews them quickly [14]. The mixing at the inner packing is very strong, which is 

called the ‘‘end-effect” zone [15, 16]. After that, the liquid achieves its tangential 
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velocity, and its motion becomes largely synchronized with the rotating packing in the 

rest of the packing region [17]. As a result, the liquid dispersion and mass transfer 

coefficient are relatively weak compared with that in the end-effect zone [18], which 

indicates that the liquid dispersion plays an important role in determining the liquid 

flow behaviour in the RPB and it is the predominant reason for the enhancement of the 

mass transfer in RPBs. After that, the liquid leaves the packing with a large tangential 

velocity and enters the outer cavity zone in the form of liquid droplets. Finally, the 

liquid droplets hit the cavity casing wall and the liquid phase flows out from the liquid 

outlet tube under the influence of the gravitational force. It should be noted that before 

the liquid leaves the outlet tube, the liquid has been reacting with the gas phase all the 

time in the RPB, thus indicating that the CO2 capture in the RPB occurs not only in the 

packing zone, but also in the outer cavity zone. 

 

Figure 1-2 Schematic of a typical RPB with a single block counter-current flow 

arrangement. 

When passing through the packing region, the liquid forms small droplets and thin films, 

which can enhance the effective interfacial area and the micromixing [19]. In addition, 
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the surface renewal of the phases (such as gas-liquid, liquid-liquid, gas-liquid-solid) in 

the packing is improved, which also results in a significant increase in the CO2 capture. 

Compared with the CPBs, the use of RPBs remarkably increases the mass transfer 

efficiency by 1-3 orders of magnitude [13]. Furthermore, high amine concentration 

solutions with large viscosities could be used in the RPB because of the high centrifugal 

force, leading to a lower liquid flow rate and smaller regeneration energy consumption. 

In this case, this could clearly reduce the size of the RPB, which also means lower 

capital costs and a smaller footprint [16, 20, 21]. Also, in the packing region with a 

large centrifugal force, the liquid misdistribution could be avoided, and the contact area 

between the gas and liquid phases can be guaranteed even under the shaking and 

thrashing conditions. Overall, compared with the CPB, the RPB has many advantages, 

including the higher mass transfer rate, cheaper capital cost, lower liquid holdup, etc. 

Thus, the RPB exhibits remarkable potential for removing CO2 from the power plants. 

1.4 Research motivation 

Although the RPB has many advantages when compared with the CPB and has been 

employed in many industries, such as volatile organic compounds removal [22], it has 

rarely been commercially utilized for CO2 capture [23]. One reason is the lack of the 

understanding of the flow dynamics and mass transfer processes in the RPB, especially 

the liquid dispersion in the packing region and the CO2 capture in the outer cavity zone. 

The second reason is that the RPB’s advantages over the CPB is unclear for PCC 

industrial application. Therefore, some work should be carried out to tackle these issues. 

In particular, an in-depth and thorough understanding of the hydrodynamics (liquid 

dispersion) as well as mass transfer within the entire RPB should be achieved. In 

addition, the CO2 capture performance should be quantitatively compared in the large-
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scale RPB and CPB, and some valuable instructions for operating the industrial-scale 

RPB should be provided.  

The computational fluid dynamics (CFD) method has shown its advantages in 

measuring and evaluating important flow characteristics, such as the local flow velocity, 

which is difficult to be achieved by using the experimental method. In addition, 

employing the CFD method is more cost-effective and time-saving. Currently, the 

volume of fluid (VOF) method has been widely utilized to model the RPB [16, 19, 21, 

24-33], which can clearly capture the gas-liquid contact surface. However, it can only 

be used for analyzing very small lab-scale RPB models and it will become 

computationally prohibitive for the simulations of large or 3D RPBs due to the 

limitations in the computational resources and simulation times [21, 31]. Alternatively, 

the Eulerian porous medium method, which treats the whole packing as a porous media 

instead of a complex matrix composed of numerous wire meshes, could significantly 

reduce the mesh number and simulation time required [6, 34-37]. Therefore, it is 

possible to simulate the 3D full-scale RPB using this method for the scaling up and 

process optimization. Nevertheless, the appropriate mathematical models need to be 

added to the governing equations and the accuracy of the RPB model depends on these 

sub-models employed, such as the models of the porous resistance, dispersion force, 

effective interfacial area, as well as mass and heat transfer. Thus, these models should 

carefully developed in this thesis. 

Based on the fluid flow process within the RPB, it is known that the liquid dispersion, 

due to its interaction with the packing, plays an important role in determining the liquid 

flow behavior in the RPB, and it is the predominant reason for the enhancement of the 

mass transfer in RPBs. Liquid dispersion in the RPBs has been previously explored 
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both experimentally and computationally. For example, the dispersion phenomenon of 

a liquid jet impacting on the static and rotating single/multi-layer wire meshes has been 

visually examined under the effect of gravity and centrifugal force [14, 32, 38, 39]. In 

addition, the influence of the surface wettability and the liquid velocity, etc. on the 

liquid dispersion in the RPB have been analyzed in [18, 39-41]. However, the above 

studies were only at the stage of observing the phenomenon and the process of the 

dispersion in RPBs, and no one has evaluated and quantified the dispersion in a RPB. 

Thus, developing a dispersion force model that is suitable for the RPB is very important, 

especially when the Eulerian porous medium model are used, which employs some 

useful mathematical formulations for estimating the forces acting on the phases. 

Therefore, one of the objectives of this thesis is to develop the dispersion force models 

and to quantitatively investigate the effect of liquid dispersion. 

According to Section 1.3, it is known that the CO2 capture occurs in the entire RPB, not 

only in the packing zone, but also in the outer cavity zone. However, most investigations 

only focus on the packing region, and the contribution of the outer cavity zone to the 

CO2 capture is rarely studied. In the experimental investigations, it has been reported 

that the mass transfer area of the outer cavity zone could be up to 30% of the entire 

mass transfer area [42, 43]. Furthermore, experiments showed that the contribution of 

the outer cavity zone to the mass transfer was determined to take up approximately 13-

25% of the total mass transfer in the entire RPB [44, 45]. Therefore, the CO2 absorption 

in the outer cavity zone cannot be ignored. However, no one has used the CFD method 

to investigate it. And the characteristics of the multiphase flow and mass transfer are 

very different in the rotating packing and static cavity space, which is quite complex. 

In addition, it is difficult to predict the contact area between gas and liquid in the outer 
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cavity zone because the liquid phase exists in the form of liquid droplets in the cavity 

space and liquid film on the casing wall. Therefore, the appropriate sub-models, such 

as the interfacial force model, effective interfacial model, liquid droplet diameter model, 

etc., for the packing and outer cavity zones should be separately and carefully 

developed for accurately analyzing the CO2 capture in the entire RPB. 

Although the RPB has many advantages over the CPB for the CO2, it has rarely been 

commercially applied for PCC. The first reason is that the design procedures for the 

large-scale RPB have not yet been proposed for the CO2 absorption. Even though the 

large-scale RPB has been constructed for industrial CO2 capture, the operation of a CO2 

capture plant with an RPB absorber is another issue that required attention. Furthermore, 

the advantages of the RPB over the CPB has not been thoroughly and clearly 

established. To provide some valuable information for operating the RPBs and show 

the potential for the RPBs to be employed industrially for PCC, a large-scale RPB 

should be established and modelled under various operating conditions in this thesis.   

Therefore, this thesis provides a feasible and effective approach to model 3D multiscale 

RPBs by employing the Eulerian porous medium model. The liquid dispersion in the 

packing region should be investigated and the dispersion force models would be 

developed. Through coupling with various sub-models, the CO2 capture processes, 

including the hydrodynamics, thermodynamics, and mass transfer, should be effectively 

and accurately analyzed in the entire RPB (packing region and outer cavity zone). 

Furthermore, the CPBs and the RPBs need to be compared in the large-scale to evaluate 

the RPB’s advantages and some valuable information would provide for the RPB 

scaling up and process optimizations.  
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1.5 Thesis structure 

1.5.1 Research aims 

The overall aim of this thesis is to develop RPB models to effectively and accurately 

investigate the hydrodynamics, thermodynamics, and mass transfer for paving the way 

for RPB scaling up and process optimizations, and to comprehensively compare the 

RPB and CPB for PCC. 

The specific objectives of this research are as follows: 

⚫ To validate the hydrodynamics in the established RPB model and effectively 

investigate the flow dynamics in the RPB, especially the liquid dispersion in the 

packing region, by developing a 3D Eulerian model coupled with the dispersion 

force models. 

⚫ To explore the sensitivity of the parameters employed in the dispersion force 

models, including the capillary pressure and mechanical dispersion force models, 

as well as the effect of the dispersion forces on the flow dynamics under different 

design and operating parameters. 

⚫ To validate the CO2 capture performance in the RPB model and predict the CO2 

capture efficiency within the whole RPB (mainly the packing and outer cavity 

zones) by employing a comprehensive 3D Eulerian model, which can successfully 

simulate the flow dynamics, mass transfer, chemical reaction, and heat transfer 

within the entire RPB. 

⚫ To separately develop the sub-models, such as the force and effective interfacial 

models, for the packing and outer cavity zones to quantitatively analyze the CO2 
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capture process in different zones and evaluate the ratio of the CO2 removal in the 

cavity zone to the whole RPB. 

⚫ To establish a large-scale RPB model with an outer diameter over 1 m and to 

perform the process optimization of the CO2 capture processes under various 

operating conditions to provide some recommendations for the operation of RPBs 

for commercial application in PCC.  

⚫ To conduct a critical comparison between the CPB and the RPB in the field of CO2 

capture. Also, the advantages of deploying the RPB is to be clearly quantified in 

order to highlight the potential of RPBs for industrial applications. 

1.5.2 Novelties 

⚫ A 3D Eulerian porous medium model has been established in order to investigate 

the hydrodynamics in a RPB, especially the influence of the liquid dispersion, 

which is coupled with the interfacial, drag and dispersion forces formulations. In 

this new model, the dispersion models have been employed for the first time to 

simulate the liquid dispersion in an entire packing region. In addition, new forms 

of the porous resistance model and the correlation for the effective interfacial area 

have been developed for the non-uniform gas-liquid two-phase flows. The 

simulation results demonstrate that the use of the Eulerian method can substantially 

reduce the simulation time and effort when compared to the VOF method. The 

developed model serves as the foundation for studying the CO2 capture process in 

a full 3D RPB, paving the way for scaling up and optimizing the RPB technology. 

⚫ For effectively predicting the CO2 capture within the RPB, a novel 3D entire RPB 

model, including the packing, inner and outer cavity zones, has been proposed by 
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using the aforementioned Eulerian model. The CO2 capture processes, including 

the hydrodynamics, thermodynamics and mass transfer, could be thoroughly 

analyzed by incorporating with various sub-models, such as the models of the 

forces, effective interfacial area, heat transfer, mass transfer, etc. In specific, the 

effective interfacial area, force and even liquid droplet diameter models have been 

introduced separately for the packing region and the outer cavity zone to accurately 

predict the CO2 capture performance inside the full RPB. The CO2 absorption 

processes in these zones have been quantitatively evaluated under various 

operating conditions by the CFD method for the first time. The established model 

can accurately predict the CO2 absorption in the RPB and provides a feasible way 

to effectively simulate a large full-scale RPB. 

⚫ In order to compare the CPB and RPB in terms of the CO2 capture, a large-scale 

RPB model has been established by CFD method for the first time based on the 

design procedure and the practical experimental parameters from a CPB pilot plant. 

The process optimization has been performed in the large-scale RPB under various 

operating conditions. The CO2 capture performance in the CPB and RPB has been 

quantitatively compared and the advantages of employing the RPB have been 

quantitatively analyzed. These findings provide some valuable insights for the RPB 

operation and highlight the potential for the RPB to be employed for PCC in the 

future. 

1.6 Scope and outline of the thesis 

1.6.1 Scope of the thesis 

The thesis is focused on three main parts: 



Chapter 1 
 

13 
 

The first part of the thesis focuses on the analysis of the flow characteristics using a 3D 

Eulerian porous medium model based on a practical RPB. In order to investigate the 

liquid dispersion, the dispersion models (including the capillary pressure model and 

mechanical dispersion model) are developed, and the sensitivity of the parameters 

employed in these models has been analyzed. In addition, new forms of the porous 

resistance model and the correlation for the effective interfacial area are modified for 

the non-uniform gas-liquid two-phase flows. The model has been validated, and the 

effects of the dispersion force on the liquid holdup under different design and 

operational parameters, including nozzle design, liquid flow rate, rotational speed, etc., 

have been thoroughly examined. The effectiveness of using the Eulerian method is 

demonstrated, paving the way for RPB technology scaling-up and design optimization.    

The second part of the thesis focuses on the CO2 capture processes within an entire 

RPB, including the packing and outer cavity zones, through using a comprehensive 3D 

pilot-scale Eulerian model. Based on the sub-models developed for investigating the 

flow dynamics, mass transfer, chemical reaction and heat transfer models, the CO2 

capture processes and some important variables within the entire RPB are thoroughly 

explored. Due to the difference between the packing and outer cavity zones, the separate 

models for the forces and effective interfacial area for these zones are introduced for 

each zone. In addition, the CO2 absorption that occurs in the packing and outer cavity 

zone is quantitatively evaluated. The model is validated with the experimental data and 

the effect of the operating parameters are investigated. This provides a feasible 

approach for accurately and effectively modelling the physical and chemical processes 

in a 3D full-scale and large-scale RPBs.  

The third part of the thesis focuses on the simulation of a large-scale RPB and the 
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comparison between the CPB and the RPB for the CO2 capture. A large-scale RPB has 

been established computationally according to the experimental parameters from a CPB 

pilot plant. The Eulerian porous medium method and various sub-models have been 

employed in order to effectively and extensively investigate the CO2 capture processes 

in this large-scale RPB. In addition, the process optimization of the CO2 capture has 

been quantitatively performed with employing various operating conditions. The 

advantages of applying the RPB over the CPB have been analyzed by comparing the 

required volume of the packed bed and the liquid flow rate. Also, some important 

suggestions for commercial deployment of the RPB has been introduced.  

1.6.2 Outline of the thesis 

This thesis is divided into seven chapters: 

In Chapter 1, the research background of the thesis is discussed, along with the 

approaches for CO2 capture using the RPB and CPB, as well as the motivations and 

aims of the research. 

In Chapter 2, an extensive literature review focusing on the hydrodynamics and mass 

transfer is conducted, with a particular focus on RPB studies that have utilized CFD 

methods. In addition, a summary of the research gaps identified in the literature is 

presented. 

In Chapter 3, the development of a comprehensive RPB model for effectively and 

comprehensively investigating the CO2 capture processes is described, including the 

theories and methodologies employed in the process. 

In Chapter 4, the obtained simulation results on the flow dynamics in a 3D Eulerian 
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RPB model are presented and discussed. The effect of the operating and design 

parameters on the liquid dispersion are analyzed. 

In Chapter 5, the simulation results of the CO2 capture performance within the entire 

RPB are discussed. The contribution of the outer cavity zone to the CO2 capture of the 

RPB is evaluated under various conditions. 

In Chapter 6, a large-scale RPB model is established and the critical comparison 

between the CPB, and the RPB under various operating conditions for the CO2 removal 

is conducted. 

In Chapter 7, the main conclusions are summarized and suggestions for future work are 

provided. 
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CHAPTER 2 : LITERATURE REVIEW 

Summary 

This chapter reviews the research works on the flow dynamics and CO2 capture in RPBs 

and illustrates the challenges for the RPB industrial application. First, the 

hydrodynamics and mass transfer in the packing region and outer cavity zone have 

been separately reviewed. Then, various technologies to explore the RPBs have been 

reviewed, especially the Eulerian method and the challenges to use it. Further, the 

difficulties in applying the RPB have been analyzed and the comparison research 

between CPBs and RPBs have been reviewed, and the knowledge gaps for investigating 

RPBs are summarized. 

2.1 Packing region 

The RPB could be divided into three parts: the inner cavity zone, the packing zone and 

the outer cavity zone [42]. It is known that the effective interfacial area and the surface 

renewal of the phases in the packing region are significantly enhanced because of the 

high rotational speed, where most of the CO2 is captured. There is no doubt that the 

packing region is the most crucial zone within the RPB and it is also the place that most 

investigators have focused on. 

The packing region has been widely studied in terms of the flow dynamics and mass 

transfer. For the hydrodynamics, the flow patterns, liquid holdup, liquid droplet 
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diameter and liquid film thickness, as well as gas pressure drop, in the packing region 

have been investigated. While for the mass transfer, the effective interfacial area, the 

mass transfer rate, etc., have been analyzed. At the same time, various correlations for 

the liquid holdup, effective interfacial area, etc., have been developed according to these 

studies. 

2.1.1 Flow dynamics 

2.1.1.1 Flow patterns 

The visual study of the liquid flow in the packing region has been conducted by using 

the experimental and CFD methods. After entering the packing region, the liquid phase 

has a strong interaction with the packing. The liquid flow in the reticulated and foam 

packing regions was visually achieved under various operating conditions and its 

patterns could be divided into three types: the pore flow, droplet flow and film flow, see 

Figure 2-1 [20, 46]. This can significantly enhance the mass transfer area between the 

gas and liquid phases. The same flow patterns in wire mesh and foam packings were 

clearly obtained by using the 2D VOF models [16, 20, 25-28, 47]. Both the simulation 

and experimental works showed that the flow patterns varied depending on the 

rotational speed.  

Then, the forming process and breakage behaviors of the liquid droplets impacting the 

static and rotating single/multi-layer wire meshes were recorded by high-speed cameras 

[14, 18, 30, 32, 39, 40, 47-52]. The results indicated that the rotational speed, initial 

liquid jetting velocity, packing properties, etc., could influence the liquid dispersion. 

Further, this process for the droplets was simulated in the 3D models by using the VOF 

method and compared with these photographs [30, 32, 48, 53-57], which was shown in 
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Figure 2-2. From Figure 2-2(a), after passing through a layer of packing material, the 

liquid was dispersed into many droplets from a jet stream, which indicated that the 

effective interfacial area and the mixing could be remarkably enhanced at the first few 

layers of the wire mesh (inner edge of the packing), which is called the end-effect zone 

[18]. In addition, different flow patterns in the end-effect zone and bulk packing were 

observed [58] and the thickness of the end-effect zone was quantified [26, 59].  

Although the number of mesh displayed in Table 2-1 is not very large for modelling the 

liquid phase passing through the single or a few layers of wire mesh, it is quite 

computational prohibitively expensive to model the liquid dispersion process in a real 

RPB with dozens of layers of wire mesh. As a result, an effective method should be 

developed to investigate the liquid dispersion. 

  

(a) (b) 

Figure 2-1 Schematic of the flow patterns within (a) the wire mesh packing [46]; (b) the 

foam packing [20]. 

 

(a) (b) 

Figure 2-2 Comparison of the simulated and visualized liquid flow across the rotating 

(a) single-layer wire mesh [32]; (b) multi-layer wire mesh packing [53]. 

  



Chapter 2 
 

20 

 

Table 2-1 The number of meshes number used in the models. 

Author Dimensional  
Layer 

type 

Number of 

layer 

Mesh number 

(million) 
Reference 

Chen et al. 3D single 1 5 [49] 

Liao et al. 3D single 1 17 [57] 

Liu et al. 3D single 1 15 [55] 

Wen et al. 3D single 1 70 [56] 

Xu et al.  3D single 1 18-27 [32] 

Guo et al. 3D multi 12 1.6 [17] 

Li et al. 3D multi 14 51 [48] 

Zhang et al. 3D multi 9 15 [53] 

2.1.1.2 Liquid holdup 

The liquid holdup (the amount of liquid held within the packing region) has a major 

impact on the gas-liquid mixing and the effective interfacial area formed between the 

gas and liquid, which directly influences the mass transfer performance of the RPB. In 

addition, it can reflect the porous resistance in the packing region, therefore, it is a 

critical parameter for the flow dynamics. 

Initially, the electrical resistance technique was utilized to measure the liquid holdup in 

the packing region [60] and the most widely used correlation for predicting the liquid 

holdup was introduced, which is presented in Equation (2-1). From this correlation, it 

is known that the liquid holdup is determined by the rotational speed, liquid flow rate 

and liquid viscosity, and the liquid holdup is independent of the gas flow before the 

flooding point. Further, this correlation has been employed to validate many 2D RPB 

models when investigating the hydrodynamics in the packing region [6, 28, 29, 34, 38]. 

Based on this correlation, Xie et al. [31] proposed a new correlation with a similar form, 
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see Equation (2-2), using a small 3D representative elementary unit (REU)) but the 

contact angle between the packing surface and liquid phase was considered in this 

research, and this indicates that the packing surface treatment and liquid surface tension 

could also affect the liquid holdup [40, 61]. In addition, the liquid holdup in a part of 

the 3D RPB model with the periodic boundaries was examined [48, 53, 62]. However, 

the VOF method has been applied in these works (REU or a part of the RPB) and this 

method is unsuitable for simulating a 3D full-scale RPB or entire packing model due to 

the large computing resources and long simulation time required. 

𝜀𝐿 = 0.039 (
𝑔

𝑔0
)
−0.5

(
𝑈

𝑈0
)
0.6

(
𝜈 

𝜈0
)
0.22

(2 − 1) 

𝜀𝐿 = 0.039 (
𝑔

𝑔0
)
−0.4764

(
𝑈

𝑈0
)
0.5716

(
𝜈 

𝜈0
)
0.3197

(
𝛾

𝛾0
)
−0.7557

(2 − 2) 

With advancements in technology, the X-ray CT technique was employed to determine 

the liquid holdup in the packing region. Also, this technique allows for the measurement 

of the liquid holdup along the radial direction within the packing [63-65]. In addition, 

another form of the liquid holdup correlation was proposed for the wire mesh and foam 

packings by introducing the Galileo number (Ga), Kapitza number (Ka) and Reynolds 

number (Re), which is given in Equation (2-3). In addition to the above-mentioned 

correlations, many other liquid holdup correlations with a similar form have been 

proposed [66-68] and described in detail in the work of Zhang et al. [69]. Since these 

correlations were obtained by employing different packing, liquid type, etc., these 

correlations may be too general and cannot accurately predict the liquid holdup in a 

practical RPB. 



Chapter 2 
 

22 

 

𝜀𝐿 = {
12.159𝑅𝑒0.923𝐺𝑎−0.610𝐾𝑎−0.019, 𝑓𝑜𝑟 𝑤𝑖𝑟𝑒 𝑚𝑒𝑠ℎ 𝑝𝑎𝑐𝑘𝑖𝑛𝑔

12.159𝑅𝑒0.479𝐺𝑎−0.392𝐾𝑎−0.033, 𝑓𝑜𝑟 𝑛𝑖𝑐𝑘𝑒𝑙 𝑓𝑜𝑎𝑚 𝑝𝑎𝑐𝑘𝑖𝑛𝑔
(2 − 3)

Subsequently, the liquid holdup in the packing region was thoroughly investigated 

under different design parameters, especially the liquid distributor and gas inlet tube. 

For instance, the effect of the number and width of the liquid inlets on the liquid holdup 

have been investigated in the 2D RPB simulations [30, 38]. While, some design 

parameters, such as the liquid inlet length and the diameter of the gas inlet tube, could 

not be explored by using the 2D model. In addition, too many assumptions have been 

made in the 2D models, which may cause an inaccurate result. Thus, employing a 3D 

RPB model is a better choice to study the flow characteristics within the packing region.  

In addition, many investigators [17, 18, 32, 38-40, 53] have explored the liquid 

dispersion performance under the effect of gravity and the centrifugal force. 

Furthermore, the influence of the surface wettability and the liquid velocity, etc. on the 

liquid dispersion in the RPB have been analyzed in [18, 39-41]. The results show that 

the liquid dispersion plays an important role on the liquid holdup, however, the above 

studies are only at the stage of observing the phenomenon and the process of the 

dispersion in RPBs, and no one has evaluated and quantified its effect on the liquid 

holdup. 

From the above analysis, we know that a complete 3D RPB model should be established 

and the VOF method is computational prohibitively expensive for the simulations of 

large RPBs. As a result, it is important and urgent to find a feasible and effective way 

to model a full-scale RPB for investigating the flow dynamics and the effect of the 

liquid dispersion on the liquid holdup should be quantitatively analyzed. 
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2.1.1.3 Liquid film thickness and droplet diameter 

Due to the interaction between the liquid phase and rotating packing, the liquid spreads 

out and splits into small droplets, or forms thin films on the packing surface in the 

packing region, thus indicating that the effective interfacial area and micromixing can 

be enhanced [19]. The liquid droplet diameter and liquid film thickness directly affect 

the mass and heat transfer performance in the RPB, and they are important parameters 

in the development of the expressions for the mass and heat transfer coefficients.  

Although the liquid film that covered the packing material could be detected by using 

a camera or an electrical resistance technique [31, 58, 70], it was difficult to directly 

and accurately determine its thickness from these visual works. 

In order to obtain the thickness of the liquid film, Guo et al. [71] measured it flowing 

axially and tranvsersely on a wire gauze. They found that the film thickness was thinner 

when using a higher rotational speed or a liquid with lower viscosity. In addition, a 

empirical correlation was developed to predict the liquid film thickness based on the 

experimental data, see Equation (2-4). Rauscher et al. [72] and Munjal et al. [73], 

respectively, investigated the liquid film thickness when the liquid flowed across a 

rotating disk and blade but the same correlation for the liquid film thickness was 

introduced, which is given as Equation (2-5). The main difference between the two 

equations is that the specific area of the packing (𝑎𝑠) is considered in Equation (2-4) on 

which the liquid phase could cover. According to the above equations, the thickness of 

the liquid film decreases as the liquid viscosity reduces, resulting in a lower diffusion 

resistance, which is favorable for CO2 absorption [74].  
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𝛿 = 4.20 × 108
𝑄𝐿
2𝜋𝑟ℎ

𝜈𝐿
𝑎𝑠𝜔2𝑟

(2 − 4) 

𝛿 = (3 (
𝑄𝐿
2𝜋𝑟

)
𝜈𝐿
𝑟𝜔2

)

1
3

(2 − 5) 

For the liquid droplet diameter, it was investigated by an experimental method and CFD 

simulation [18, 71, 75-77] and the results illustrated above all show that the average 

droplet diameter is influenced by the physical property of the liquid (viscosity, density 

and surface tension), the operational conditions (inlet liquid velocity, rotational speed) 

as well as the packing parameter, such as the number of packing layers. Specifically, 

Gao et al. [77], Duan et al. [24] and Ouyang et al. [25] analyzed the impacts of the 

rotational speed, radial distance, inlet flow rate and the characteristic size of the packing 

on the droplet size by utilizing a high-speed camera and the droplet size distribution 

was expressed by adopting the Rosin–Rammler distribution. Shi et al. [27] developed 

a 2D RPB model and found that the average droplet size became smaller after adding a 

ring of static baffles in the middle of the packing.  

Zhang et al. [18] studied the liquid droplets as the liquid passed through a single-layer 

static stainless steel wire mesh with/without hydrophobic surface-modified (HSM) 

treatment. The experimental results showed that the average droplet diameter generated 

by the HSM wire mesh was much smaller than that of the non-HSM wire mesh since 

the HSM wire mesh showed a higher hydrophobicity stability. In addition, Zhang et al. 

[18] took the contact angle between the liquid and wire mesh surface into account and 

empirically introduced a correlation Equation (2-6). According to Chen et al. [49], the 

ligament length at the impact position of the horizontal fiber was noticeably longer than 

that of the vertical fiber even when operating under identical conditions. Thus, the 
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pinch-off and recoil timescales were introduced to assess the influence of this disparity 

on the diameter of the liquid droplets, as represented by Equation (2-7). However, 

Equations (2-6) and (2-7) may not be an appropriate fit for the RPB because it was 

derived from the static single-layer wire mesh instead of the rotating multi-layer wire 

mesh packing. 

𝑑

𝐷
= 0.36 (

𝑢

𝑢0
)
0.051

(
𝜎

𝜎0
)
−0.291

(
𝜇

𝜇0
)
0.100

(
𝜃

𝜃0
)
−0.894

(2 − 6) 

𝑑 = (
3𝑉0 (𝛼 (100

𝜏𝑝
𝜏𝑟
)
𝛽

+ 𝑟)

4𝜋
)

1
3

(2 − 7) 

Wen et al. [50] employed a multi-layer wire mesh to study the hydrodynamics in the 

mesh packings with novel fiber cross-sectional shapes and the effect of the cross-

sectional shape (circularity index, 𝛿 ) on the liquid diameter was explored, which is 

given as Equation (2-8).  

𝑑 = 7.225𝑑0𝑊𝑒
−0.269𝑅𝑒0.013𝜑0.795𝛿0.814 (2 − 8) 

Zhang [78] examined the liquid droplet diameter in the packing region under various 

operating conditions, and a set of experiemental data was achieved. Based on this set 

of experimental data [78], the liquid droplet diameter in the packing region was 

regressed as two correlations, which are shown in Equations (2-9) and (2-10), 

respectively. Although the formulas of the liquid diameter in the packing zone are 

different, the value of these correlations is in a similar range, namely - 1 × 10−5 <

𝑑𝑝 < 1 × 10−4.  

𝑑𝑝,𝑃 = 0.7284 (
𝜎

𝜔2𝑟𝜌
)
0.5

(2 − 9) 
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𝑑𝑝,𝑃 = 12.84 (
𝜎

𝜔2𝑟𝜌
)
0.630

𝑢0.201 (2 − 10) 

2.1.1.4 Gas pressure drop 

For the gas phase, the gas pressure drop could not only reflect the resistance in the 

packing region, but also influence the energy consumption. Thus, the gas pressure drop 

is another important parameter for the flow dynamics [79].  

Initially, the dry pressure drop across the different packing materials, including the wire 

mesh [80], foam [81], Sumitomo (a metal sponge-like material made of 85% nickel and 

15% chromium) [82] has been analyzed. Compared with the pressure drop caused by 

the velocity variation and centrifugal force, the friction resistance in the packing region 

is the dominant factor in the total pressure drop, which could account for 40-70% [83]. 

Also, it is concluded that the frictional pressure drop in the packed bed depends on the 

rotor dimensions, the packing properties, the gas inlet design as well as the operating 

conditions. Furthermore, the influence of the RPB type on the pressure drop has been 

examined, and the results show that the pressure drop for the cross-current flow RPB is 

smaller than that in the counter-current flow RPB. 

Further, Liu et al. [84] analyzed the pressure drop in different spaces in a RPB with a 

rotational-stationary metal foam packing, which consists of the drop resulting from the 

rotating packing, the entry and exit losses at the outer and inner periphery of the rotor, 

respectively, as well as the pressure drop attributed to the momentum change as the gas 

transitions from the inner periphery of the rotor to the outlet pipe [80]. In addition, the 

pressure drop was examined when a single gas phase or gas-liquid phase passes through 

the RPB [85, 86]. They found that the dry pressure drop is lower than that in the wet 
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bed due to two reasons: on one hand, the wet packing surface can make the friction 

coefficient between the packing and the gas change. On the other hand, the liquid easily 

occupies the pores of the metal foam or wire mesh packing, which can be regarded as 

a porous material, and this blocks the passage of gas. Surprisingly, this conclusion 

contradicts that in a previous research [87], in which the dry and wet pressure drops 

across the rectangular packing and elliptic cylindrical packing have been investigated. 

The possible reasons are that the packing surface may be different, and the liquid phase 

is more prone to be retained in the metal foam packing due to its smaller pores. 

Nevertheless, both experimental results indicate that the liquid flow rate has little 

impact on the wet pressure drop within the specified experimental range [84, 87].  

Overall, the gas pressure drop mainly results from two aspects: the first aspect is the 

resisting force, which includes the velocity variation, centrifugal force, and frictional 

resistance. Another aspect is the structure of the RPB, including the inlet, packing, 

outlet as well as the inner and outer cavity zones. According to the two aspects, various 

correlations to predict the pressure drop have been presented in [83, 88]. 

The CFD method was also employed to investigate the pressure drop of the PRBs. For 

example, the distribution of the pressure within the packing region was explored in the 

2D RPB models [34, 37]. However, the obtained results may not be very accurate 

because the gas was evenly fed into the packing from the outer packing surface instead 

of from the dedicated gas inlets. In addition, the influence of the design parameters, 

such as the shape of the gas inlet tube, on the pressure drop could not be analyzed. 

Although the 3D models were established in order to optimize the RPB design, only 

the dry pressure drop was studied and the liquid phase was not included [21, 36, 89, 
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90]. Furthermore, the influence of the liquid phase on the pressure drop as well as the 

impact of the gas flow on the liquid holdup were not examined. Therefore, it is worth 

building a 3D RPB model to thoroughly investigate the gas and liquid flow 

characteristics.  

2.1.2 Mass transfer  

2.1.2.1 Effective interfacial area 

The gas-liquid effective interfacial area (the contact area between the gas and liquid 

phases per unit volume of the packing, m2/m3) is a critical parameter as it can assist to 

accurately predict the porous resistant force and mass transfer performance. This term 

is different from the contact/mass transfer area (m2), which directly represents the 

physical surface area that is available for mass transfer between phases. Various 

empirical equations for the effective interfacial area have been derived for CPBs and 

they have been utilized for RPBs simulation by replacing the acceleration force term in 

the equation with the centrifugal force in the RPBs, such as Equation (2-11) in Table 2-

2 [91]. However, this often results in an underestimation in the value of the effective 

interfacial area [34, 92, 93].  
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Table 2-2 Correlations for the prediction of the (fractional) effective interface area in 

the packing region. 

Packing 

type 
Method Correlation 

Numb

er 

Refer

ence 

CPB 

with 

Random 

packing 

Deduced 

𝑓𝑒

= 1 − 𝑒𝑥𝑝 [−1.45 (
𝜎𝑐
𝜎
)
0.75

𝑅𝑒𝐿
0.1𝑊𝑒𝐿

0.2𝐹𝑟𝐿
−0.05] 

(2-11) [91] 

RPB 

with 

foam 

metal 

Chemisorption 

of CO2 with 

NaOH 

𝑓𝑒 = 11906𝑅𝑒𝐿
−1.8070𝐹𝑟𝐿

−0.0601𝑊𝑒𝐿
0.9896 (2-12) [94] 

RPB 

with 

wire 

mesh 

Chemisorption 

of CO2 with 

NaOH 

𝑓𝑒 = 66510𝑅𝑒𝐿
−1.41𝐹𝑟𝐿

−0.12𝑊𝑒𝐿
1.21(

𝑐2

(𝑐 + 𝑑)2
)−0.74 (2-13) [95] 

RPB 

with 

wire 

mesh 

Chemisorption 

of CO2 with 

NaOH 

𝑓𝑒 = 15.17𝑅𝑒𝐺
0.16𝑅𝑒𝐿

−0.38𝐹𝑟𝐿
−0.13𝑊𝑒𝐿

0.45𝜑−0.29 (2-14) [96] 

RPB 

with 

wire 

mesh 

CFD method 

𝐴𝑒,𝑃

= 202.3485(
𝑔𝑐
𝑔1
)
0.0435

(
𝑈

𝑈1
)
0.4275

(
𝜈

𝜈1
)
0.1200

(
𝛽

𝛽1
)
−0.5856

 
(2-15) [31] 

The effective interfacial area in different RPBs was measured for CO2 capture 

experiments [39, 43, 44, 97]. The results showed that the effective interfacial area 

increased with higher rotational speed and gas-liquid ratio. In specific, Rajan et al. [94] 

and Luo et al. [95] evaluated the effective interfacial area in the foam metal and wire 

mesh packings via the CO2-NaOH absorption system, and accordingly, the fractions of 

the effective interfacial area were respectively given as Equations (2-12) and (2-13) in 

Table 2-2 [94, 95]. However, it should be noted that the above research considered the 
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effective interfacial area in the entire RPBs as representative of the packing region, 

potentially leading to an overestimation of the effective interfacial area. After realizing 

this issue, Luo et al. [96] focused on the effective interfacial area in the packing region 

by adding two ring baffles positioned at the upper and lower edge of the rotor, which 

could isolate the packing from the entire RPB. Also, the impact of the gas flow on the 

effective interfacial area was considered and a modified fractional effective interfacial 

area correlation for the packing region was introduced as Equation (2-14). Nevertheless, 

the accuracy of the correlation is affected by the absorption rate of CO2, partial pressure 

of CO2 in the gas phase, diffusivity of CO2 in solution, etc. Therefore, it is not 

completely reliable.  

In a recent publication, Xie et al. [31] conducted a study to estimate the effective 

interfacial area of liquid flow over a REU of a RPB. They employed the VOF modelling 

method and considered various gravitational acceleration forces and different liquid 

viscosities to resemble the absorbent with various concentrations passing through the 

rotating packing. The effective interfacial area was assessed directly by the contact area 

between the liquid and gas phases per unit volume of the wire mesh packing, which is 

not influenced by factors such as the absorption system, reaction temperature, CO2 inlet 

concentration in the gas phase, etc. The model's validity was confirmed through 

experimental observations, and Equation (2-15) presents a correlation proposed for the 

effective interfacial area. 

2.1.2.2 CO2 capture based on mass transfer correlations 

Many studies have been performed to investigate the mass transfer process and the 

process analysis based on various correlations derived from the RPB, such as 
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volumetric mass transfer coefficient. Process simulation methods using Aspen Plus 

combined with FORTRAN [23, 98, 99], gPROMS [92, 93, 100, 101] as well as other 

types of software [75, 102] have been proposed. 

Aspen Plus has been widely used to study the CO2 capture process for the CPBs, 

however, it lacks a suitable model available for RPBs. In order to address this issue, 

some built-in correlations for the mass transfer coefficients, liquid hold-up, effective 

interfacial area and pressure drop were replaced with new correlations that have been 

developed for RPBs [23, 98]. These correlations were coded as subroutines in visual 

FORTRAN and then linked dynamically with the Aspen Plus software. Furthermore, 

Joel et al. [99] studied the influence of the parameters on the CO2 removal efficiency 

and the energy consumption within the RPB stripper, respectively. Moreover, the CO2 

capture process by Benfield solution was investigated by Yi et al. [75] employing 

correlations for gas and liquid mass transfer coefficients, liquid holdup, etc., based on 

the Matlab technique. Similarly, Oko et al. [103] analyzed the impact of environmental 

temperature on the CO2 capture within the RPB, utilizing correlations for effective 

interfacial area, gas and liquid mass transfer coefficients. They also emphasized the 

significance of intercoolers in the RPB absorber, employing the gPROMS 

ModelBuilder.  

Through utilizing the process simulation methods and various mass transfer coefficient 

correlations, the CO2 capture process could be predicted and analyzed. Nonetheless, the 

prediction accuracy using this method heavily relies on the availability and accuracy of 

the existing correlations [104]. These correlations of the mass transfer coefficient have 

been developed from various systems, packing, and operating conditions. Thus, these 
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correlations are usually too general to be employed in a practical RPB. And most of 

them are not derived from the CO2 and amine solution within the counter-current RPBs, 

which is used in this thesis. Also, the mass transfer in the outer cavity zone of the RPB 

has been overlooked in these works, which may result in an inaccurate predicted mass 

transfer behavior. Thus, an alternative approach should be introduced for describing the 

CO2 capture process in the RPB.  

2.1.2.3 Theory for the mass transfer 

At present, there are three main theories for explaining the mass transfer between the 

phases, which are the two-film theory, the penetration theory, as well as the surface 

renewal theory. The two-film theory regards that two layers of film exist in both the gas 

and liquid phases separated by an interface. In addition, the mass transfer from one 

phase to another phase occurs by molecular diffusion through the film under steady 

state. Based on the two-film theory, Yi et al. [75] and Sun et al. [105] developed the 

mathematic models to explore the CO2 capture in the RPB and the overall mass transfer 

coefficient was compared with the experimental data under different operating 

conditions. Both predicted results had a good agreement with the experimental data 

with a deviation within 10%.  

The penetration theory and surface renewal theory can be seen as an advancements over 

the two-film theory as mass transfer takes place under unsteady-state conditions, and 

the two parameters - the contact time and surface renewal frequency are introduced, 

respectively. Zhang et al. [106] and Qian et al. [102] have investigated the absorption 

of the CO2 into different solutions by using models based on the penetration theory. In 

addition, the predicted results agree well with the experimental data, with deviations 
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within 15% and 4%, respectively. Further, Qian et al. [107, 108] have investigated the 

selective absorption of H2S using a RPB based on the same theory. They reported that 

the lifetime of a liquid film in the RPB is significantly longer (by 7 orders of magnitude) 

than the penetration time of H2S. Therefore, the reaction and mass transfer of H2S can 

still occur efficiently, even during a quite brief gas-liquid contact time within the RPB. 

Therefore, an impressive H2S capture efficiency of approximately 99.76% also can be 

attained [108]. Furthermore, a model based on the renewal frequency has been used to 

explore the gas-liquid mass transfer characteristics in a RPB. In addition, Luo et al. [15] 

conducted experiments and found that the experimentally obtained values of 𝑘𝐿𝑎𝑒 align 

with the model predictions within a range of ±15%. Similarly, Luo et al. [109] employed 

the surface renewal theory to analyze the CO2 absorption process in the RPB under the 

steady and dynamics states. The model was validated by the experimental data and the 

dynamics study was conducted by changing the gas/liquid flow rates. The results 

suggested that the RPB has a fast response for the process changes.  

While it has been demonstrated that the penetration theory and surface renewal theory 

offer improved accuracy in calculating mass transfer [110], measuring the contact time 

and surface renewal frequency in RPBs, especially under unsteady-state conditions, can 

be challenging. As a result, the two-film theory remains the most widely used and 

practical approach for describing CO2 mass transfer between phases [111-115]. For 

instance, in the CFD study conducted by Lu et al. [6], the two-film model combined 

with the Henry's law successfully represented the CO2 chemical-enhanced absorption 

in RPBs. This approach proved its reliability and feasibility to express the mass transfer 

in the RPB, without relying on correlations for mass transfer coefficients.  
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2.2 Outer cavity zone 

The cavity zone refers to the annular space situated between the outer edge of the rotor 

and the inner boundary of the casing within the RPB, where numerous tiny liquid 

droplets move to. Mass transfer can also take place in the outer cavity zone, in addition 

to the packing region. The outer cavity zone typically exhibits a significant larger space 

compared to the packing region. This suggests that significant mass transfer also could 

occur in the outer cavity zone. However, it is often overlooked, with most research 

efforts concentrated on the packing region. Consequently, only a few studies have 

explored the outer cavity zone, focusing on the flow dynamics and the mass transfer 

process occurring within that region.  

2.2.1 Flow dynamics 

2.2.1.1 Visual studies 

The study of the liquid flow characteristics in the outer cavity zone is essential for a 

better understanding of the mass transfer that takes place in this zone. Sang et al. [116] 

explored the liquid flow pattern and the flow pattern transition in the outer cavity zone. 

Two distinct flow patterns - ligament flow and droplet flow - were observed, and the 

ligament flow disappeared and numerous droplets formed as the rotational speed 

increased. The above phenomenon could also be observed in the 2D RPB models with 

the VOF method [26, 28, 47]. In addition, Gao et al. [77] visually obtained the process 

of the droplets coalescence in the outer cavity zone by the experimental and CFD 

methods. Further, Sang et al. [42] analyzed the process of the liquid flow in the outer 

cavity zone. The droplets from the outer edge of the packing, moving at a high velocity, 

traveled a short distance and impacted upon the casing wall, thus generating a liquid 
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film and a significant number of splashing droplets. In this process, droplets originating 

from the outer edge of the packing were referred to as mother droplets, while the 

splashing droplets were called daughter droplets. Thus, the mass transfer in the cavity 

zone encompasses three components: the mother droplets before impacting the casing, 

the liquid film adhered to the inner surface of the casing, and the daughter droplets after 

impact on the casing.  

2.2.1.2 Droplet diameter 

As mentioned in Section 2.1.1, the droplet diameter is crucial for the mass transfer and 

heat transfer performance in the RPB. Sang et al. [116] and Gao et al. [77] have 

investigated the impact of various factors, such as the rotational speed, outer packing 

radius, liquid viscosity and liquid initial velocity, on the average droplet diameter and 

its distribution in the outer cavity zone by using the R-R distribution method. They both 

found that the rotational speed is the dominant parameter for the droplet diameter, while 

the liquid initial velocity exhibits a limited effect on the average droplet diameter. Based 

on the experimental data, two correlations for the average droplet diameter are proposed 

as follows [77, 116]: 

𝑑𝑝,𝑂 = 0.042𝑊𝑒−0.272𝑅𝑒0.068(
𝑢0
𝜔𝑟𝑜

)0.098𝑟𝑜 (2 − 16 − (𝑎)) 

𝑊𝑒 =
𝜌𝜔2𝑟𝑜

3

𝜎
; 𝑅𝑒 =

𝜌𝜔𝑟𝑜
2

𝜇
; 𝑞 =

𝑢0
𝜔𝑟𝑜

;  𝑢0 =
𝑄𝐿
2𝜋𝑟𝑖ℎ

(2 − 16 − (𝑏)) 

𝑑𝑝,𝑂 = 47.5𝑅
0.194𝑁−0.765𝑄𝐿

0.0391 (2 − 17) 

Compared with Equation (2-17), the properties of the liquid phase, including the 

viscosity and surface tension, are considered in Equation (2-16). In addition, Equation 
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(2-17) is derived from the packing that consists of vertical blades rather than the wire 

mesh, thus, making Equation (2-16) potentially more suitable for the RPB packed with 

the wire mesh.  

2.2.2 Mass transfer 

At present, the majority of the investigations have considered the RPB as a whole unit, 

which assumes that the chemical reaction only occurs in the packing and not in the 

cavity zone. However, it is worth noting that the volume of the cavity zone could even 

account for about 77.8% of the whole RPB. This indicates that the mass transfer and 

chemical reactions in the cavity zone could not be ignored. Unfortunately, only a few 

works have explored mass transfer in the outer cavity zone, and almost all of them relied 

on experimental techniques. 

The mass transfer in the outer cavity zone has been investigated through the use of 

innovative experimental methods. One such example is the work by Guo et al. [43], 

where a unique approach involved introducing N2 flow exclusively into the packing 

region to ensure that reactions occurred solely within the cavity zone while protecting 

the packing zone, which is shown in Figure 2-3(a). The findings revealed that the mass 

transfer area of the cavity zone accounted for approximately 30% of the overall RPB 

mass transfer area, with the remaining 70% attributed to the packing area. Another study 

conducted by Luo et al. [96] employed a novel experimental rig (see Figure 2-3(b)), 

dividing the internal space of the RPB into four distinct zones, thus allowing for a 

separate calculation of the contact area in each zone. The obtained results indicated that 

the mass transfer area of the cavity zone ranged from 8.5% to 9.2% for different types 

of packing materials. In addition, an L-shaped tube has been set up between the rotor 
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and the casing for measuring the CO2 concentration in the gas stream by Yang et al. [44] 

as presented in Figure 2-2(c). Their work determined that the contribution of the cavity 

zone to mass transfer ranged from approximately 13% to 25% of the total mass transfer 

in the entire RPB. Therefore, the mass transfer in the outer cavity zone cannot be 

ignored and warrants further investigation. 

 

(a) (b) (c) 

Figure 2-3 Schematic diagram of the RPB experimental rig (a) [43]; (b) [96]; and (c) 

[44]. 

In addition to the experimental method, a mathematical model was built to predict the 

average droplet diameter and mass transfer area of the cavity zone by Sang et al. [42, 

116]. The influence of the rotational speed, liquid initial velocity and outer packing 

radius was also analyzed. The results showed a high level of agreement with the 

experimental data and revealed that the liquid film and daughter droplets played a more 

significant role in the overall mass transfer within the cavity zone compared to the 

mother droplets. 

By incorporating both experimental and mathematical approaches, the researches has 

emphasized the significance of the cavity zone in the RPB due to the unignorably mass 

transfer area and mass transfer contribution. However, it is important to note that the 

cavity zone remains relatively unexplored, particularly in terms of utilizing simulation 
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methods. Consequently, further research efforts should focus on investigating the liquid 

flow dynamics and chemical reactions occurring within the cavity zone by utilizing the 

CFD approach, which could help to accurately and effectively predict the CO2 capture 

processes and optimize the RPB performance. 

2.3 CFD simulations 

Among the studies on the RPB, CFD has been widely employed to investigate the gas 

and liquid flow inside the 2D and 3D RPB models. For the single-phase, the gas flow 

behaviours, including the pressure drop and its distribution, have been studied in 

various RPB models. While for the gas-liquid phase, two methods, i.e. the VOF and 

Eulerian methods have been utilized to investigate the wet pressure drop, liquid holdup, 

liquid dispersion, etc., within the RPB. In addition, the mass transfer performance has 

been explored by using the CFD method coupled with user defined functions (UDF).  

2.3.1 Single-phase flow behaviours  

The gas flow characteristics have been studied mainly by employing a 3D RPB model. 

For instance, the distribution of the gas pressure and pressure drop were simulated as it 

passed through a 3D packing region with a complex wire mesh matrix, similar to the 

experimentally investigated structured packing [21, 33]. Liu et al. [21] concluded that 

a considerable portion of the gas pressure drop occurred in the inner cavity zone. Also, 

an interesting phenomenon of intense turbulence, defined as the gas-side end effect, 

was observed in the outer packing zone within the PRB. In addition, the packing region 

could be regarded as a porous media for reducing the computing resources. In this way, 

Llerena-Chavez and Larachi [89], Yang et al. [36] and Wu et al. [90] investigated the 

mal-distribution of the gas pressure in the 3D RPB models. In order to reduce the mal-
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distribution and improve the gas-side mass transfer coefficient, the optimum design of 

the RPB were also conducted by incorporating internals or baffles. In addition, their 

shape and distribution were examined by analyzing the gas distribution. However, the 

drag force between the packing and gas flow was typically determined by the general 

Ergun equation instead of the drag force model derived from the wire mesh or foam 

packing, where the effect of the packing structure on the gas flow behaviours was not 

completely taken into account [38]. Furthermore, the impact of the liquid phase on the 

gas flow characteristics was not clear, and it was reported that the difference between 

the dry and wet pressure drop in the RPB was quite large [80, 86, 87, 117], thus 

indicating that the study of only single-phase flow is not sufficiently accurate compared 

to the practical situations.  

2.3.2 Multi-phase flow characteristics  

2.3.2.1 VOF method and its limitations 

For the two-phase flow modelling, the VOF model has been extensively utilized in the 

2D and 3D RPB models since it is well-suited for tracking the volume fraction of each 

phase and can accurately capture the gas-liquid interface as well as the behavior of 

droplets impacting on the wire mesh. Also, it allows for a clear representation of the 

dynamic evolution of the interface between the gas and liquid phases in the RPB 

system. 

For 2D simulations, Duan et al. [24], Shi et al. [27], Gao et al. [77] and Wu et al. [30] 

studied the flow patterns and liquid droplet size in the packing and outer cavity zones 

by combining the VOF model, sliding model, and the Reynolds stress model or 

realizable k-ε model. In specific, the sliding model was utilized to simulate the rotation 



Chapter 2 
 

40 

 

of the packing, which is the most accurate approach but computationally demanding 

[118]. To simplify the model, Xie et al. [28] and Zhang et al. [38] assumed that making 

the liquid nozzle rotate in the opposite direction relative to the rotational coordinate 

system and fixing the packing could achieve the same effect. In fact, there is no 

additional centrifugal force acting on the liquid phase due to the static of the packing, 

which is different from a real RPB environment. As a result, the tangential velocity of 

the liquid phase would decrease when passing through the static packing region, in 

contrast to the actual tangential velocity in a rotating packing [24, 119]. All these 

obtained simulation results showed that the liquid distribution in the packing region 

became more uniform with higher rotational speed, thus causing an improved 

micromixing behaviour, as reported in the work of Yang et al. [29] and Guo et al. [19]. 

Yang et al. [29] investigated the oxygen absorption in the water using a UDF and 

Chen’s liquid side mass transfer coefficient correlation. They found that the 

micromixing behaviour was extremely strong in the region near the inner edge of the 

packing, referred to as the ‘end effect’ zone [60], due to the liquid-packing collisions. 

Further, a novel approach was proposed by Ouyang et al [26] to quantify the thickness 

of the ‘end effect’ zone in terms of the residence time. Also, different turbulence models 

were utilized and compared in the work of Ouyang et al. [16, 25, 26]. Furthermore, Liu 

et al. [20] and Yang et al. [29] explored the liquid holdup and the liquid distribution 

within the packing under various operating conditions, and the results were compared 

via Yang’s [29] and Burns’ [60] correlations, respectively.  

However, too many assumptions have been made in the above 2D simulations, which 

may cause an inaccurate result. For instance, the latitude and longitude wires with cross-

section shape have been simplified as four square straight wires parallel to the rotational 
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axis, neglecting the direct influence of the wire mesh structure on flow characteristics 

[27]. In addition, the RPB design optimization could not be fully completed based on 

the 2D model, especially for the height of the packing or shape of the liquid nozzle. 

Therefore, 3D RPB models are required to achieve the RPB optimization design and 

more accurate flow characteristics.  

In order to better understand and optimize the RPBs, 3D RPB models have been used 

to study the multi-phase flow characteristics. Xie et al. [31] analysed the gas-liquid flow 

by using 3D REUs of the RPB where different gravitational forces were employed in 

the REU to model the flow at different locations across a typical RPB, so that the overall 

characteristics of the liquid flow in the RPB was successfully assembled. By utilizing 

this mesoscale model, the sensitivities of the liquid holdup and effective interfacial area 

to the rotational speed, liquid flow rate, contact angle and viscosity were investigated, 

and the corresponding prediction correlations were proposed. And a correlation of the 

effective interfacial area was proposed which has been further utilized in the work of 

Lu et al. [6], Zhang et al. [37]. In addition, using the VOF method, Guo et al. [17] 

investigated the liquid holdup, liquid droplet size and residence time in a packing 

models in 3D. However, the multilayer wire mesh packing was simplified as numerous 

straight wires parallel to the rotor axis, without considering the effect of the horizontal 

wire meshes. Thus, the difference of the liquid holdup obtained from the experiment, 

simulation and Bruns’ correlation was large. 

In order to obtain the liquid behaviours in the inner packing zone, Chen et al. [49], Wen 

et al. [56], Zhang et al. [38] and Xu et al. [32] explored the interaction and dispersion 

after the liquid jet impacts on the 2D and 3D rotating single-layer wire mesh, 
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respectively. The obtained liquid flow pattern was compared with that from the 

experiment, and the impacts of the mesh number and operating condition were 

analyzed. After that, the liquid flow passing though multi-layer wire mesh was 

simulated by adopting the VOF method, sliding model, dynamic mesh adaption 

procedure, which could improve the dynamic process of the droplet breakup in 

turbulent flows [17]. However, the liquid flow behaviours among the multi-layer wire 

mesh were not clearly captured due to the small mesh number (around 1.6 M). Recently, 

Zhang et al. [53] utilized a sector RPB model with periodic boundaries to simulate the 

dynamics evolution process of droplets across the multi-layer wire mesh, increasing the 

number of meshes reached to 15 million. With the large number of meshes, the effect 

of the contact angle and rotational speed on the liquid flow pattern was investigated and 

a new flow pattern of the “branch flow” was reported in the packing region. Also, a 

similar model was established by Vlahostergios et al. [62] to pave the way for exploring 

the production of nanoparticles of CaCO3 and 4MgCO3Mg(OH)24H2O but with a 

porous medium model.  

According to the aforementioned work, none of them has modelled the full scale RPB 

by employing the VOF method. The advantage of employing the VOF method is that 

it can reasonably, clearly and accurately capture the interface between the gas and 

liquid, including the evolution of the liquid droplets in the RPB. Due to the multiscale 

nature of the liquid flow in an RPB, the computational mesh should be fine enough to 

resolve the finest droplet and liquid films, typically in millimetres and even microns 

metre scales, in addition to the packings, within a metre scale RPB. When modelling in 

full scale 3D RPB, this will require a prohibitively large number of computational cells 

and computational time. This is the reason why most of the CFD simulations using CFD 
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methods are for small 3D RPB models and mostly in 2D [21, 119]. In addition, the VOF 

model requires a transient simulation, thus meaning that a much longer time is required. 

For instance, about 1.4 million cells and a simulation time of about 60 h were required 

for each case in the 2D work of Guo et al. [19], despite only simulating an RPB with 

inner and outer diameters of 80 mm and 140 mm, respectively. Therefore, considering 

the future scaling up and optimization of RPBs, a promising modelling approach - the 

Eulerian method - should be considered. 

2.3.2.2 Eulerian method and its challenges 

The Eulerian method has shown a great potential for reducing the computational cost 

in modelling the RPBs [6, 34]. This method has been commonly used in the simulation 

on the conventional packed bed, however, it is scarcely utilized in the RPB as many 

challenges should be dealt with first.  

Gao et al. [77] employed the Eulerian method to investigate the droplet characteristics 

and behaviours in a rotor model with 180 vertical blades arranged evenly along its 

circumference. However, the appropriate mathematical models need to be added to the 

governing momentum equations to describe such as the porous resistance and liquid 

dispersion forces. In the above work, only the gas-liquid interfacial force was 

introduced and the interfacial force were calculated based on the Schiller and Naumann 

model [120]. It was shown that the Eulerian multiphase model was able to provide good 

estimates of the droplet velocity. This work is very similar to the study conducted by Li 

et al. [48]. By using the same Eulerian method and interfacial force model, Li et al. [48] 

established a more complex and realistic sector RPB model with periodic boundaries, 

where the packing was composed of multiple layers of flat and corrugated wire mesh, 
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totaling fourteen layers in the radial direction. The liquid holdup and wetting efficiency 

were achieved and the flow patterns passing through the wire mesh could be clearly 

observed. The RPB structure was optimized by designing the liquid distributor and 

installing the blades, which resulted in an enhanced axial utilization efficiency. 

However, in order to clearly achieve the flow characteristics within the RPB, the 

aforementioned studies employed a detailed wire mesh packing configuration. 

Consequently, the required number of mesh in the above works was too large, with the 

sector RPB model established by Li et al. [48] reaching an amazing 51 million.  

The Eulerian method with the porous medium model may overcome this problem 

because it does not focus on resolving the matrix structure of the packing in detail. 

Instead, the packing is considered as a porous medium and its effect on the flow is 

considered computationally using a suite of mathematical formulations. This can 

substantially reduce the complexity and number of the cells in the computational mesh 

that is employed, thus leading to a significant reduction in the computational resources 

and simulation times required. For instance, Martínez et al. [35] have used the Eulerian 

method to examine the distribution of the water and SO2 velocity in a porous medium 

model without drawing the wire mesh profiles. However, the drag forces between 

phases and packing as well as the interfacial force between the phases could not be 

simply estimated from the pressure drop data available in the work of Sindalya et al. 

[80]. Thus, in order to employ this method, the primary task it to find an appropriate 

porous media model that can accurately express the drag force between the gas and 

liquid, the gas and solids and the liquid and solids for the wire mesh packing used in 

RPBs, since it substantially influences the liquid holdup and the gas pressure drop.  
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Although various porous medium resistance force models, such as those for spherical 

packing [121, 122], structured slit packing [123], and tube bundle packing [124], have 

been proposed, Lu et al. [34] proved that these models were not suitable for the wire 

mesh packing used in RPBs. In 2009, Kołodziej and Łojewska [125] put forward a one-

phase model that takes into account both the viscous and inertia contributions to the 

overall resistance of the wire meshed porous media, based on single flow experiments 

through wire gauzes, which is similar to that of the flow through a wire mesh packing 

in RPBs. Based on the Kołodziej one-phase model, Lu et al. [34] developed it into a 

multi-phase model to examine the gas-liquid counter-current flow in a 2D RPB. The 

results indicated that this model was more appropriate in predicting the liquid holdup 

compared with other porous media models and the simulation time could be 

significantly reduced. 

Subsequently, Kołodziej et al. [126] introduced a refined porous resistance model by 

redefining the effective length and effective velocity of the liquid flow in the packing 

region. Based on the Kołodziej one-phase porous medium models and the experimental 

data, Bussière et al. [127] plotted the total Fanning friction factor for all the woven 

screens and regressed the fitting curves to 𝑓 = 7.357 × 𝑅𝑒−0.596 + 0.04351. However, 

this regressed fanning friction factor is not suitable for all the woven screens, thus, it 

may not accurately predict the pressure drop and liquid holdup in some cases [127]. 

Zhang et al. [37] compared the Kołodziej, Kołodziej refined and Bussiere regressed 

models by analyzing the liquid holdup and gas pressure drop. It showed that the 

Kołodziej refined model was the most accurate for simulating the gas–liquid flow in 

RPBs, which may be utilized in this thesis. 
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In the above-mentioned studies, the liquid dispersion in the packing region has not been 

taken into account, which plays an important role in determining the liquid flow 

behaviour and is the predominant reason for the enhancement of the mass transfer in 

RPBs [18]. Liquid dispersion in the RPBs has been explored previously both 

experimentally and computationally using the VOF method. Ma et al. [41], Su et al. [40] 

and Zhang et al. [18] experimentally reported the details of the process of the droplet 

impacting on the stationary wire mesh as well as the dispersion phenomenon under the 

effect of gravity. Further, the liquid dispersion and liquid flow patterns cross the rotating 

multi-layer wire mesh have been observed and the influence of the feature size of 

packing, rotational speed, liquid flow rate on the droplet diameter has been analyzed 

[24, 30].  

Similar to the experimental work, the dispersion phenomenon of a liquid jet impacting 

on the rotating single-layer and multi-layer wire meshes has been simulated by utilizing 

the VOF method [14, 17, 32, 38, 53]. However, the above studies were only at the stage 

of observing the phenomenon and the process of the dispersion in RPBs, and no one 

has evaluated and quantified the dispersion in a RPB, especially when using the 

Eulerian method. 

In order to employ the Eulerian porous medium model to investigate the liquid 

dispersion, a dispersion model needs to be devised to calculate the dispersion force term 

as a consequence of the volume averaging in the momentum equations [128]. Currently, 

there has been no dispersion model developed specifically for RPBs. However, various 

such models have been proposed for the modelling of the liquid dispersion in the CPBs. 

These models may be divided into the capillary pressure models and mechanical 
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dispersion models according to the dispersion mechanism that they model in the CPBs 

[129]. The capillary pressure force is produced by the difference in the pressures across 

the fluid interface. In addition, the mechanical force is caused by the complex advection 

of the momentum by the fluid at the pore scale [130] or, in other words, the variation 

in the velocity with respect to the main flow at the macroscopic scale [131].  

It should be noted that the packings employed in the CPBs and RPBs are very different. 

In addition to the bed design, the packing elements are different and the packing in an 

RPB is much more densely packed. The driving force and the flow patterns are also 

very different. Nevertheless, one may take the view that both CPB and RPB are similar 

in that they both can be regarded as being a porous media and the liquid disperses from 

a higher volume fraction to a lower volume fraction under the framework of the porous 

medium approach. The macro dispersion mechanisms are similar in RPBs and CPBs. 

Hence, it is expected that these dispersion models for CPBs could be employed in RPBs 

with careful evaluations. One of the main objectives of this thesis is to assess the 

suitability and limitations of the existing dispersion models when they are applied to 

model the RPBs. More information about these models are presented in Chapter 3.  

2.3.2.3 Mass transfer performance 

As is well known, the mass transfer can be greatly improved in the RPB due to the 

centrifugal force resulting from the rotation of the packed bed. Currently, only a few 

studies have explored the mass transfer process within the RPB, especially for the CO2 

capture, through employing both the VOF and the porous medium approaches. Guo et 

al. [19] employed the VOF, together with the laminar finite-rate reaction and Reynolds 

stress turbulence models to explore the micromixing efficiency of the 2D RPB based 
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on the iodide−iodate reaction system. Yang et al. [29] investigated the oxygen 

absorption in the water in the 2D packing region by employing the VOF model and 

Chen’s liquid side mass transfer coefficient correlation via a UDF. They both found that 

the micromixing behaviour was extremely strong in the ‘end effect’ zone due to the 

liquid dispersion produced by the collision between the liquid and the packing. Since 

the semi-mass transfer correlation was used, it may not be able to accurately predict the 

mass transfer process in a practical RPB as the correlation was too general. As 

mentioned before, using VOF method requires a prohibitively large number of 

computational cells to model a 3D full-scale RPB where multiple-length scales which 

exist in the RPB have to be resolved to achieve an acceptable level of accuracy in CFD 

simulations. Therefore, the Eulerian porous medium approach is preferred. 

Lu et al. [6] introduced a 2D axisymmetric Eulerian porous medium model 

incorporating the two-film chemical-enhanced mass transfer model and heat transfer 

model to investigate the CO2 capture in a RPB, as is illustrated in Figure 2-3(a). The 

model uses a much coarser computer mesh compared with that typically employed in a 

VOF model, with only a 0.09 M mesh number, thus saving the computing resources 

and simulation time. The results showed that the overall gas phase mass transfer 

coefficient increased with increasing the rotation speeds and the liquid to gas mass flow 

rate (L/G ratio). Although using the developed models could effectively predict the CO2 

capture performance and liquid temperature distribution (see Figures 2-3(b) and 2-

3(c)), they were not enough accurate in this 2D packing model. For example, the 

predicted overall mass transfer coefficient was much lower than the experimental data, 

which could be even up to 50% when using 90% MEA solution [6]. The possible 

reasons are as follows: firstly, the mass transfer in the outer cavity was not considered, 
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and it have been reported that the contribution of the cavity zone to the overall mass 

transfer accounts for about 13–25% in the whole RPB [44]; secondly, the influence of 

the liquid droplet diameter on the heat transfer was ignored and the liquid droplet 

diameter was set using the default value in the software, which was too small. The liquid 

diameter is reversely proportional to the heat transfer rate between the phases. The 

smaller diameter leads to a higher heat transfer rate, thus resulting in a lower liquid 

temperature and reaction rate; thirdly, the liquid flow is uniformly distributed at the 

inner packing surface in the above simulation, which directly influences the liquid 

holdup and mass transfer performance. If the liquid is jetted from the liquid nozzles, 

the liquid phase in the packing region will become a nonuniform flow, and accordingly, 

the effective interfacial area for the non-uniform gas and liquid flows should be 

reconsidered; finally, the liquid dispersion in the packing region has not been taken into 

account due to the interaction with the wire mesh, which plays an important role in 

determining the liquid flow behaviour and is the predominant reason for the 

enhancement of the mass transfer in RPBs [18]. 
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(a) (b) (c) 

Figure 2-4 (a) Schematic diagram of the physical 2D RPB model; contours of the (b) 

CO2 mass fraction in the gas phase; and (c) liquid temperature for 30% MEA and 

90% MEA [6]. 

Overall, a 3D full-scale RPB model using the Eulerian porous medium method could 

be effectively performed. In this model, the liquid dispersion in the packing region, the 

CO2 capture in the outer cavity zone, the effective interfacial area for the non-uniform 

gas-liquid flow, and even the liquid droplet diameter in the packing and outer cavity 

zone, should be carefully and thoroughly considered in order to accurately predict the 

CO2 capture processes within the entire RPB model. 

2.4 Comparison between RPB and CPB 

Although the RPB has many advantages, such as a high mass transfer rate and small 

equipment size, it has not been commercially utilized for PCC [132]. The first possible 

reason is that the design procedures for the large-scale RPB and the principles for the 

scaling up of the RPB have not been proposed for PCC. Although a general design 

procedure has been mentioned in the studies conducted by Agarwal et al. [13] and 
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Sudhoff et al. [133], it may not be suitable for the PCC process. In addition, the overall 

mass transfer rate, which is a key parameter to determine the outer packing radius, is 

difficult to be determined since this parameter is currently only available from the 

laboratory or pilot-scale RPBs. Consequently, the size of the RPB may not be accurately 

achieved. Therefore, systematic design procedures for the large-scale RPB should be 

carefully considered in the future.  

Secondly, even though the large-scale RPB has been constructed for industrial CO2 

capture, how to operate a CO2 capture plant with the RPB absorber is another issue. In 

fact, the influence of the operating parameters on the hydrodynamics and CO2 capture 

performance have been investigated by using the experimental and simulation 

approaches [6, 20, 25, 31, 53, 75, 89, 102, 134, 135]. However, these investigations 

have been conducted based on the lab-scale or pilot-scale RPBs with the outer packing 

diameter being smaller than 0.3 m. It is unknown whether the conclusions drawn by 

these small RPBs are still suitable for the large-scale RPB since the CO2 capture 

processes in multi-scale RPBs may be different. For example, the change in the trends 

of the liquid temperature in different RPBs are opposite when the liquid flow rate 

increases [92, 109]. Therefore, the sensitivity of the operating parameters on the CO2 

capture processes inside a large-scale RPB should be more thoroughly investigated in 

order to offer more important information on the operating and process optimization. 

In addition, the advantage of the RPB over the CPB has not been thoroughly and clearly 

established. Existing literature indicates that the RPB has a superior mass transfer 

performance at both the lab-scale and pilot-scale facilities [83, 136-139]. Nevertheless, 

the mass transfer rate will decrease with the increase in the radial length of the packing 
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due to a weaker liquid-packing interaction, especially in a large-scale RPB [140], which 

is different from the CPB. Thus, it is difficult to ascertain whether the mass transfer rate 

in the large-scale RPB is still better than that in the large-scale CPB. In addition to the 

capture level, while RPBs may offer reduced equipment size and capital costs, the extra 

energy required by the rotor and its cost-effectiveness compared to CPBs remain 

uncertain, although it has shown that the energy required by the motor is extremely 

smaller than regeneration energy in the work of Chamchan et al. [141]. More 

importantly, the regeneration energy would be significantly saved if the liquid flow rate 

required by the RPB could be reduced. Overall, the RPB and CPB should be more 

thoroughly compared when employing them for CO2 capture. 

In fact, the comparison between the RPB and CPB has been conducted in both the lab-

scale and pilot-scale in many experimental works [106, 134, 141, 142]. Chamchan et 

al. [141] compared the RPB and CPB absorbers in the pilot-scale with a fixed low MEA 

concentration of 20% and a high rotational speed of 1600 rpm. The simulation results 

indicated that the height of the transfer unit (HTU) of the CPB was around 10 times that 

of the RPB, and the energy consumption using the RPB is slightly higher than that when 

using the CPBs. However, the RPB sizes employed in these experiments are still small, 

and these are listed in Table 2-3, and the maximum outer packing radius is no more than 

0.36m. Thus, the obtained conclusion may be not suitable for the large-scale RPB 

application. Further, Kang et al. [93] and Thiels et al. [142] successfully modelled the 

above CPBs and RPBs based on the gPROMS and Aspen Plus platforms and some 

semi-empirical correlations were employed to model the liquid holdup, mass transfer 

rate, etc. However, these correlations were too general since they were derived from 

various mass transfer systems and packings, thus they may fail to accurately predict the 
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CO2 capture processes and compare the RPB and CPB.  

Table 2-3 Summary of the dimensions and operating conditions of the rotating packed 

bed for comparison. 

References [141] [134] [106] [142] 

CO2 mole fraction (%) 32% 15%-50% 10% 10% 

Absorbent  20% MEA 3% NH2 --% ionic liquid 30% MEA 

Rotational speed (rpm) 1600 400-1300 1130-2150 1600 

CPB diameter and height 

(m) 

0.1, 2 0.0254, 0.3-

1.2 

0.025, 0.2 0.025,0.6 

RPB inner, outer packing 

diameters and height (m) 

0.12, 0.36, 

0.06 

0.025, 0.125, 

0.023 

0.02, 0.04, 0.02 0.025, 

0.125, 0.023 

CPB/RPB volume ratio 3 0.5-2.2 5.2 1 

In conclusion, the studies on the design procedures for large-scale RPB, process 

optimization for a large-scale RPB, and the comparison between the RPB and CPB are 

still very limited, and these topics need much further research before the industrial 

application for the PCC. 

2.5 Knowledge gaps 

In general, the RPB could overcome the disadvantages, such as high operation cost and 

large plant footprint, brought about by the CPB. The RPB has by far gained more 

attention and many investigators have put substantial effort in the studying of the RPB. 

The works on the fluid flow characteristics and mass transfer process in the packing 

and outer cavity zones, the research methods, as well as the comparison between the 

RPB and CPB have been reviewed and discussed in the chapter, and some issues have 

been found and demand much more investigation, which is illustrated as follows: 
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(i) The 3D Eulerian method with porous media model should be employed for studying 

the flow dynamics and mass transfer. 

The Eulerian method with porous media model has been proven to be a promising and 

effective way to study the gas-liquid flow behaviours for the RPB in the previous works. 

However, these works cannot accurately predict the hydrodynamics because of the 

employed 2D model, using improper porous resistance force, and without considering 

the effect of the liquid dispersion, and these issues can directly and significantly 

influence the flow characteristics. For effectively and accurately predicting the liquid 

flow characteristics, these difficulties should be overcome. As a result, a new model - 

3D Eulerian porous medium model, should be developed. 

(ii) The liquid flow characteristics, especially the liquid dispersion in the packing region, 

should be investigated. 

In addition to the experimental method, the liquid dispersion when liquid flow impacts 

on the single/multi layers wire mesh packing has been studied via using the VOF 

approach. However, it is time-consuming by employing this method due to the large 

number of the mesh and the complex geometry. In addition, the works on the liquid 

dispersion are only at the stage of observing the phenomenon and the process of the 

dispersion in RPBs, and they are not sufficient to evaluate and quantify the dispersion 

in RPBs. Nevertheless, the dispersion force model has not been proposed and no one 

has employed the dispersion force in the Eulerian RPB model. Thus, it is essential to 

develop a dispersion force model, which is suitable for RPB, to accurately explore the 

liquid flow in the RPB. 

(iii) The 3D RPB model with momentum, mass, and heat transfer models should be 
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developed for the PCC. 

At present, the mass transfer and the process analysis of the RPB have been analyzed, 

however, these works heavily rely on the correlations of the liquid holdup, effective 

interfacial area, and mass transfer rate, whose applicability and accuracy are uncertain 

for a practical RPB. In addition, the hydrodynamics, thermodynamics and mass transfer 

could influence each other in the RPB. Thus, the heat transfer model and reaction-

enhancement mass transfer model should be employed into the Eulerian porous 

medium model developed above for accurately and comprehensively examining the 

CO2 absorption into amine solution.  

(iv) The CO2 capture in the packing and outer cavity zone should be separately analyzed. 

Most of the studies concentrate on the hydrodynamics and mass transfer in the packing 

region, and the outer cavity zone are always ignored. However, it is reported that the 

phase flow in the outer cavity zone is complex and some limited researches 

experimentally conclude that the cavity zone contributes substantially to the mass 

transfer. Also, no related CFD model has been developed for the outer cavity zone. 

Therefore, the models of the drag force, effective interfacial area, and liquid droplet 

diameter should be separately introduced for each zone in the RPB. As a result, the ratio 

of the mass transfer in the outer cavity zone to the overall mass transfer within the whole 

RPB should be evaluated. 

(v) The comparison of the CPB and RPB should be conducted for commercial 

applications. 

According to the literature review, the RPB has not been commercially applied for CO2 

absorption. The first reason is that there is no design procedure for scaling up the RPB 
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so far. Even if the large-scale RPB model has been establish, how to operate this large-

scale RPB is unknown as the CO2 capture process may be different in multi-scale RPB, 

thus, the CO2 capture performance should be investigated under various operating 

conditions. Furthermore, the advantage of the RPB over the CPB has not been 

thoroughly and clearly illustrated, therefore, the comparison of the CPB and RPB would 

be quantitatively evaluated in this thesis. 
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CHAPTER 3 : THEORIES AND 

METHODOLOGIES 

Summary 

This chapter introduced the Eulerian methods for simulating the gas-liquid flow 

characteristics and mass transfer process in the RPB. For investigating the CO2 

capture processes (hydrodynamics, thermodynamics, mass transfer) within the RPB, 

the governing equations, the drag force models, the dispersion force model, the effective 

interfacial area models for the non-uniform gas-liquid flows, the reaction-enhancement 

mass transfer model, the heat transfer model, and the liquid droplet diameter models 

are developed. In particular, the dispersion models are proposed for exploring the 

liquid dispersion in the packing region. In order to quantitatively evaluate the CO2 

capture in the packing and outer cavity zones, the drag force models, the effective 

interfacial area models, and the liquid droplet diameter models are separately 

illustrated for these two zones. 

In Chapter 2, the Eulerian method with the porous medium model has been proven to 

be a promising approach to simulate the hydrodynamics and mass transfer in the RPB. 

The Eulerian porous medium model [6, 34] treats the gas and liquid as two continuous 

but penetrable phases. Also, the packing is considered as a porous medium and its 

effect on the flow could be computationally described by the drag force model and 

dispersion force model, which are illustrated in Section 3.3 and Section 3.4, 
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respectively. In addition, the effective interfacial area model for the non-uniform flow 

will be presented, see Section 3.5. According to the method and models employed, 

the flow dynamics in the packing region will be explored. Furthermore, the reaction-

enhancement mass transfer model and heat transfer model are illustrated in Sections 

3.6-3.8. As a result, the coupled model can realize the momentum, heat, and mass 

transfer between the phases, and accordingly, the hydrodynamics, thermodynamics, 

and CO2 capture within the RPB can be explored. 

Unlike most of the investigations on the RPB, in addition to the packing region, the 

study of the outer cavity zone is one of the research objectives of this thesis since some 

of the CO2 is proven to be also captured in the outer cavity zone [42, 43, 96, 116]. In 

order to accurately model the hydrodynamics and mass transfer process within the 

entire RPB, the interfacial force model and the effective interfacial area model for the 

packing and outer cavity zones will be separately developed. The detailed method and 

models are given in the following sections. 

3.1 Governing fluid flow equations 

The continuity equation describing the overall mass conservation is expressed as 

follows: 

𝜕

𝜕𝑡
(𝜀𝑖𝜌𝑖) − ∇ ∙ (𝜀𝑖𝜌𝑖 𝑢⃗⃗𝑖) = 𝑆𝑚,𝑖 (3 − 1) 

where 𝜌𝑖  is the density (i = G for gas or L for liquid), 𝑡  is the time, 𝑢⃗⃗𝑖  is the fluid 

velocity, 𝑆𝑚,𝑖  is the mass transfer rate between phases, and 𝜀𝑖  is the phase fraction, 

which is defined as follows: 

 𝜀𝑖 = 𝛼𝑖𝛾 =
𝑉𝑖

𝑉𝐺 + 𝑉𝐿
𝛾 =

𝑉𝑖
𝑉𝐺 + 𝑉𝐿 + 𝑉𝑆

(3 − 2) 
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where 𝛼𝑖 is the phase saturation (𝛼𝑖 =
𝑉𝑖

𝑉𝐺+𝑉𝐿
), 𝑉𝑖 is the volume of the ith phase, the 

subscripts 𝐺, 𝐿, 𝑆 indicate the gas, liquid, and solid phase, respectively, and 𝛾 and 𝑉𝑆 

are the porosity and solid volume of the packing, respectively, which are 1 and 0 for 

the outer cavity zone. 

The momentum conservation equation includes the convection force, the pressure 

force, the viscous force, the body force, the drag force, the interfacial force, and the 

dispersion force. Therefore, the governing momentum equations of the fluid flow are 

as follows: 

𝜕

𝜕𝑡
(𝜀𝐿𝜌𝐺 𝑢⃗⃗𝐿) + ∇ ∙ (𝜀𝐿𝜌𝐿 𝑢⃗⃗𝐿 𝑢⃗⃗𝐿) =

−𝜀𝐿∇𝑃 + 𝜀𝐿∇𝑃𝑐 + ∇ ∙ (𝜀𝜏𝐿̿) + 𝜀𝐿𝜌𝐿𝑔⃗ − 𝐹⃑𝑑𝑟𝑎𝑔,𝐿 + 𝐹⃗𝐺𝐿 + 𝐹⃑𝑑𝑖𝑠𝑝,𝐿 (3 − 3)
 

𝜕

𝜕𝑡
(𝜀𝐺𝜌𝐺 𝑢⃗⃗𝐺) + ∇ ∙ (𝜀𝐺𝜌𝐺 𝑢⃗⃗𝐺 𝑢⃗⃗𝐺) =

−𝜀𝐺∇𝑃 + ∇ ∙ (𝜀𝜏𝐺̿)+𝜀𝐺𝜌𝐺𝑔⃗ − 𝐹⃑𝑑𝑟𝑎𝑔,𝐺 − 𝐹⃗𝐺𝐿 + 𝐹⃑𝑑𝑖𝑠𝑝,𝐺 (3 − 4)
 

where 𝑃 is the pressure, 𝑃𝑐 is the capillary pressure, which is produced by the difference 

in the pressures across the fluid interface and only included in the liquid phase 

momentum equation, 𝜏𝑖̿ is the stress tensor, 𝑔⃗ is the gravitational force, 𝐹⃑𝑑𝑟𝑎𝑔,𝑖 is the 

drag force between the fluid and packing, 𝐹⃗𝐺𝐿 is the interfacial force between the gas 

and liquid, and 𝐹⃑𝑑𝑖𝑠𝑝,𝑖 is the dispersion force. 

The species transport equation and energy equation are as follows: 

𝜕(𝜀𝑖𝜌𝑖 𝑢⃑⃗𝑖𝑌𝑖𝑗)

𝜕𝑡
+ ∇ ∙ (𝜀𝑖𝜌𝑖 𝑢⃑⃗𝑖𝑌𝑖𝑗) = −∇ ∙ (𝜀𝑖𝐽𝑖𝑗) + 𝜀𝑖𝑅𝑖𝑗 (3 − 5) 
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𝜕(𝜀𝑖𝜌𝑖𝐸𝑖
,)

𝜕𝑡
+ ∇ ∙ (𝜀𝑖 𝑢⃗⃗𝑖(𝜌𝑖𝐸𝑖

, + 𝑃)) =

𝜀𝑖∇𝑃 (𝑘𝑒𝑓𝑓
, ∇𝑇𝑖 −∑ℎ𝑗𝐽𝑖𝑗 + (𝜏𝑒̿𝑓𝑓,𝑖𝑗 ∙ 𝑢⃗⃗𝑖)) + 𝜀𝑖𝑄ℎ,𝑖 + 𝜀𝑖𝑆ℎ,𝑖 (3 − 6)

 

where 𝑌𝑖𝑗 is the mass fraction of the species j in ith phase, such as the CO2 in the gas 

phase or MEA in the liquid phase (j=species), 𝑅𝑖𝑗 is the production of the species j by 

the reaction, such as MEACOO- (HOC2H4NHCOO-), 𝐽𝑖𝑗 is the mass diffusion flux, 𝐸𝑖
,
 

is the total energy, 𝑇𝑖 is the temperature of the phase, ℎ𝑗  is the enthalpy of the species, 

𝜏𝑒̿𝑓𝑓,𝑖𝑗 is the effective shear tensor, 𝑄ℎ,𝑖 is the transferred heat between the phases, see 

Section 3.8, 𝑆ℎ,𝑖 is the heat of the chemical reaction, and 𝑘𝑒𝑓𝑓
,

 is the effective thermal 

conductivity. Since the heat transfer between the fluid and packing is considered in the 

RPB model, thus, 𝑘𝑒𝑓𝑓
,

  is computed by volumetrically averaging the mean fluid 

conductivity and the solid conductivity, which is given as follows: 

𝑘𝑒𝑓𝑓
, = 𝛾𝑘𝐹

, + (1 − 𝛾)𝑘𝑆
, (3 − 7) 

where 𝑘𝐹
,
 and 𝑘𝑆

,
 are the thermal conductivities of the fluid and packing, respectively.  

3.2 Liquid outlet setting methods 

In reality, the liquid outlet tube is filled with the liquid phase all the time and almost no 

gas phase flows out from the liquid outlet. However, it is difficult to establish a gas inlet 

boundary and a liquid outlet boundary in Fluent when they overlap. In addition, a larger 

amount of the gas flow will flow out from the liquid outlet boundary if the pressure 

outlet boundary condition is employed. In order to avoid these problems, an elimination 

zone has been applied in order to prevent the gas phase from flowing out from the liquid 

outlet. The mass, momentum, species and energy for the liquid phase in the elimination 
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zone can be removed during a one-time step, and meanwhile, the gas phase can be 

retained. The appropriate source equations for this zone are described as follows: 

For the liquid mass source, 

𝑆𝑀 = −
𝜌𝐿𝜀𝐿
∆𝑡

(3 − 8) 

For the liquid momentum source,  

𝑆𝑈 = −
𝜌𝐿𝜀𝐿
∆𝑡

𝑢⃑⃗𝐿 (3 − 9) 

For the species source, 

𝑆𝐽 = −
𝜌𝐿𝜀𝐿
∆𝑡

𝑌𝐿𝑗 (3 − 10) 

For the energy source,  

𝑆𝐻 = −
𝜌𝐿𝜀𝐿
∆𝑡

ℎ𝐿 (3 − 11) 

where 𝑆𝑀, 𝑆𝑈, 𝑆𝐽, 𝑆𝐻 are the source terms of the mass, momentum, species, and energy, 

respectively, ∆𝑡 is the current timestep set in Fluent. If the elimination zone is employed 

in the RPB model, 𝑆𝑀, 𝑆𝑈, 𝑆𝐽, 𝑆𝐻 should be respectively added to the equations of the 

mass, momentum, species, and energy for the liquid phase. 

3.3 Porous resistance force and interfacial force models 

Due to the stacked wire mesh matrix in the packing region, the forces acting on the 

phases are clearly different in the packing and outer cavity zones. Therefore, the force 

models for the packing region and outer cavity zone should be separately introduced. 
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3.3.1 Porous resistance in the packing region 

Resolving the complex geometry of the packing structure at the pore scale is 

computationally not feasible. Instead, the packing structure is replaced with an effective 

porous medium. It is very important to determine the correct resistance force model for 

the porous medium in order to describe the gas-liquid interfacial force and phase-solid 

drag force accurately, since the packing could substantially influence the liquid holdup 

and the pressure drop [125]. Although various porous medium resistance force models, 

such as those for spherical packing [122, 143, 144], structured slit packing [123], and 

tube bundle packing [124], have been proposed, Lu et al. [34] have illustrated that these 

models failed to predict the practical liquid holdup in the wire mesh packing, thus 

indicating that these models were not suitable for the RPBs [127]. In 2009, Kołodziej 

and Łojewska [125] proposed a one-phase model that takes into account both the 

viscous and inertia contributions to the overall resistance of the wire meshed porous 

media, based on single flow experiments through wire gauzes, which is similar to that 

of the flow through a wire mesh packing in RPBs. Subsequently, Kołodziej et al. [126] 

introduced another form of the porous resistance model by redefining the effective 

length and effective velocity of the liquid flow in the packing region, and suggested the 

following pressure drop equations: 

∆𝑃

𝐿
= 4(𝑓𝑙 + 𝑓𝑡)

𝜌𝑢0
2

2𝑑𝑤

1 − 𝛾

𝛾3
𝜏2

𝑐𝑜𝑠𝜃
(3 − 12 − 𝑎) 

𝐿𝑒 =
𝐿

𝑐𝑜𝑠𝜃
, 𝑢𝑒 =

𝑢0𝜏

𝛾
(3 − 12 − 𝑏) 

where ∆𝑃  is the pressure drop, 𝐿  and 𝐿𝑒  are the length/depth of the packing and the 

effective flow length, respectively, 𝑢0 and 𝑢𝑒 are the superficial velocity and effective 
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velocity, respectively, 𝑓𝑙 and 𝑓𝑡 are the Fanning factors for the laminar and turbulent 

flows, respectively, 𝑑𝑤  is the diameters of the dry wires, 𝜏  is the tortuosity factor 

resulting from the tortuous path that the fluid passes through, 𝜃 is the angle between 

the axis of the packing and the direction of the fluid flow. This resistance model is a 

good improvement over the previous model [125] proposed by Kołodziej and Łojewska 

because the liquid residence time (𝑡 =
𝐿𝑒

𝑢𝑒
=

𝐿𝛾

𝑢0𝑐𝑜𝑠𝜃𝜏
) usually increases after considering 

the influence of the tortuous path and the orientation of the packing. Also, it is proved 

that using this model produces results which are in much better agreement with the 

experimental data [127].  

When the liquid passes through the packing region in the RPB, the liquid phase exists 

in the forms of both liquid film on the packing surface and liquid droplets in the void 

of packing, the surface of the film and droplets per unit volume of packing is noted as 

the wet specific area (𝑎𝑠 × 𝑓𝑒,𝑃), and the remaining area of the packing is covered by 

the gas, noted by the dry specific area, 𝑎𝑠 × (1 − 𝑓𝑒,𝑃) . 𝑓𝑒,𝑃  is the fraction of the 

effective interfacial area of the packing, and it is defined as the ratio of the wet specific 

area 𝐴𝑒,𝑃 to the total packing specific area: 

𝑓𝑒,𝑃 =
𝐴𝑒,𝑃
𝑎𝑆

(3 − 13) 

The effective interfacial area 𝐴𝑒,𝑃 needs to be modelled and this will be discussed later 

in Section 3.5. 

The drag force between the gas and the solids, the liquid and the solids, as well as the 

interfacial force between the gas and the liquid can be expressed as follows [6, 34, 125]: 
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𝐹⃗𝑑𝑟𝑎𝑔,𝐿 = 𝐾𝐿𝑆𝑣⃗𝐿 = 𝑓𝑒,𝑃𝜀𝐿𝑣⃗𝐿 [4(𝑓𝑙 + 𝑓𝑡)
𝜌𝐿|𝑣⃗𝐿|

2𝑑𝑤

𝜀𝑆
𝜀𝐿

𝜏2

𝑐𝑜𝑠𝜃
] (3 − 14) 

𝐹⃗𝑑𝑟𝑎𝑔,𝐺 = 𝐾𝐺𝑆𝑣⃗𝐺 = (1 − 𝑓𝑒,𝑃)𝜀𝐺𝑣⃗𝐺 [4(𝑓𝑙 + 𝑓𝑡)
𝜌𝐺|𝑣⃗𝐺|

2𝑑𝑤

(1 − 𝜀𝐺)

𝜀𝐺

𝜏2

𝑐𝑜𝑠𝜃
] (3 − 15) 

𝐹⃗𝐺𝐿 = 𝐾𝐺𝐿(𝑣⃗𝐺 − 𝑣⃗𝐿) = 𝑓𝑒,𝑃𝜀𝐺(𝑣⃗𝐺 − 𝑣⃗𝐿) [4(𝑓𝑙 + 𝑓𝑡)
𝜌𝐺|𝑣⃗𝐺 − 𝑣⃗𝐿|

2𝑑𝑤
′

(1 − 𝜀𝐺)

𝜀𝐺
𝜏2] (3 − 16) 

𝑓𝑙 =
1

𝑅𝑒𝐾
(
3.44

√𝒳+
+

1.25
4𝒳+ + 16 −

3.44

√𝒳+

1 +
0.00021

𝒳+2

) (3 − 17) 

𝑓𝑡 =
0.079

𝑅𝑒𝐾
0.25

(3 − 18) 

𝒳+ =
𝑑𝑤

𝐷ℎ𝑅𝑒𝐾
(3 − 19) 

𝑅𝑒𝐾 =
𝜌𝑣𝑒𝐷ℎ
𝜇

(3 − 20) 

For the fluid-solids interaction: 

𝜏 = 1 +
𝜀𝑆
2
 , 𝑑𝑤 =

4𝜀𝑆
𝑎𝑆
, 𝑣𝑒 = |𝑣⃗𝑖|𝜏, 𝐷ℎ =

4𝜀𝑖
𝑎𝑆

(3 − 21) 

For the gas-liquid interaction: 

𝜏 = 1 +
𝜀𝑆 + 𝜀𝐿
2

, 𝑑𝑤
′ =

4𝜀𝑆
𝑎𝑆
′ , 𝑣𝑒 = |𝑣⃗𝐺 − 𝑣⃗𝐿|𝜏, 𝐷ℎ =

4𝜀𝐺
𝑎𝑆
′ , 𝑎𝑆

′ = (
𝜀𝑆

𝜀𝑆 + 𝜀𝐿
)
0.5

𝑎𝑆(3 − 22) 

where 𝐹⃗𝑑𝑟𝑎𝑔,𝐺, 𝐹⃗𝑑𝑟𝑎𝑔,𝐿 and 𝑆𝐺𝐿 are the drag forces between the gas and the solids, the 

liquid and the solids and the interfacial force between the gas and the liquid, 

respectively; 𝐾𝐺𝑆, 𝐾𝐿𝑆 and 𝐾𝐺𝐿 are the porous resistance coefficients between the gas 

and the solids, the liquid and the solids and the momentum exchange coefficient 
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between the gas and the liquid, respectively; 𝑑𝑤
′  is the diameter of the wet wires, 𝐷ℎ is 

the hydraulic diameter, 𝑅𝑒𝐾 is the Reynold number, 𝑣⃗𝑖 and 𝑣⃗𝑒 are the local velocity and 

effective velocity relative to the rotating packing, respectively; 𝜇  is the dynamic 

viscosity, and 𝑎𝑆 and 𝑎𝑆
′  are the specific area of the dry packing and the wet packing, 

respectively.  

It is worth noting that the angle between the flow direction and the bed axis (𝜃) is a 

critical parameter for describing the porous resistance in the packing. Nevertheless, this 

parameter is difficult to achieve by the experimental approach. According to the 

literatures [125, 126], it is reported that the value of 𝜃 is determined by the equation: 

tan(𝜃)= 𝑑𝑤/M (M is the centre distance between the wire mesh). Thus, 𝜃 is set as 10° 

in this thesis, which is determined by a commonly used specification of the wire meshes 

with the wire mesh diameter and the centre distance between the wire mesh being 0.6 

and 3.5 mm, respectively. Also, this value has been employed in the work of Zhang et 

al. [37]. 

In order to clearly illustrate the calculation process of the porous resistance within the 

packing region, a flowchart is provided to elucidate the application of the above 

equations. 
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Porous resistance 
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Dh
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Figure 3-1 The calculation procedure for the porous resistance. 

3.3.2 Interfacial force in the outer cavity zone 

The interfacial force is the only force  that considered in the outer cavity zone for the 

liquid and gas phases. This is due to the momentum exchange between the gas phase 

and liquid phase and this force is usually presented as an exchange coefficient in Ansys 

Fluent. There are many built-in models to calculate the interfacial exchange coefficient 

and a model, named universal drag laws [145], has been designed for the bubble-liquid 

and droplet-gas flows that could be utilized for achieving the interfacial exchange 

coefficient in the outer cavity zone, namely 

𝐾𝐺𝐿 =
𝜀𝐺𝜀𝐿𝜌𝐿𝑓

𝜏𝐿
(3 − 23) 

𝜏𝐿 =
𝜌𝐿𝑑𝑝

2

18𝜇𝐺
(3 − 24) 
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𝑓 =
𝐶𝐷𝑅𝑒

24
(3 − 25) 

𝑅𝑒 , =
𝜌𝐺|𝑢⃑⃗𝐺 − 𝑢⃑⃗𝐿|𝑑𝑝

𝜇𝑒
(3 − 26) 

𝐶𝐷 =

{
  
 

  
 

24

𝑅𝑒 ,
, 𝑅𝑒 , < 1  

24

𝑅𝑒 ,
(1 + 0.1𝑅𝑒 ,0.75), 1 ≤ 𝑅𝑒 , ≤ 1000

2

3
(
𝑑𝑝

𝜆𝑅𝑇
) {
1 + 17.67𝑓∗6 7⁄

18.67𝑓∗
}

2

, 𝑅𝑒 , > 1000 

(3 − 27) 

𝑓∗ = (1 − 𝜀𝐿)
3;  𝜇𝑒 =

𝜇𝐺
(1 − 𝜀𝐿)2.5

;  𝜆𝑅𝑇 = (
𝜎

𝑔∆𝜌𝐺𝐿
)
0.5

(3 − 28) 

where 𝑓 and 𝑓∗ are the drag functions, 𝜏𝐿 is the particulate relaxation time, 𝐶𝐷 is the 

drag coefficient, 𝑅𝑒 , is the relative Reynolds number, 𝜇𝑒 is the effective viscosity, 𝜆𝑅𝑇 

is the Rayleigh-Taylor instability wavelength, and ∆𝜌𝐺𝐿  is the absolute value of the 

density difference between the liquid and gas phases.  

3.4 Dispersion force models 

As mentioned in Section 3.1, in two-phase flows through porous media, the dispersion 

terms appear in the governing fluid flow equations due to the volume averaging of the 

momentum equations. In order to employ the Eulerian porous medium model to 

investigate the liquid dispersion, a dispersion model needs to be devised to calculate 

the dispersion force term as a consequence of the volume averaging in the momentum 

equations [128]. Currently, there has been no dispersion model developed specifically 

for RPBs. However, various such models have been proposed for the modelling of the 

liquid dispersion in the CPBs. Although the porous media packing types, the nature of 

the packing types, the driving force and the flow patterns are different in the CPB and 
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RPB, we take the view that both CPB and RPB are similar in that they both can be 

regarded as being a porous media and the liquid disperses from a higher volume fraction 

to a lower volume fraction under the framework of the porous medium approach. The 

macro dispersion mechanisms are similar in RPBs and CPBs. Hence, it is expected that 

these dispersion models for CPBs could be employed in RPBs with careful evaluations. 

The dispersion terms mainly result from two distinct mechanisms: capillary pressure 

and mechanical dispersion. Popular models for these two mechanisms for CPBs, and 

also assessed in this section for the RPB, are as follows:  

3.4.1 Capillary pressure 

For the capillary pressure, in general, two models have been used, i.e. the Grosser model 

and the Attou and Ferschneider model. The model of Grosser et al. [146] was introduced 

through a permeability concept based on the Leverett’s function. The Attou and 

Ferschneider model [143] considers the loss of stability of the liquid film on the particle 

surface at the pore scale. The Grosser and Attou capillary pressure models are presented 

in Equations (3-29) and (3-30), respectively, as follows: 

𝑃𝑐 =
1 − 𝛾

𝛾𝑑𝑤
√180𝜎 [0.48 + 0.036𝑙𝑛 (

1 − 𝜀𝑆 − 𝜀𝐿
𝜀𝐿

)] (3 − 29) 

𝑃𝑐 = 2𝜎 (
1 − 𝛾

1 − 𝜀𝐺
)

1
3
(
1

𝑑𝑤
+

1

𝑑𝑚𝑖𝑛
) 𝐹 (

𝜌𝐺
𝜌𝐿
) (3 − 30 − a) 

𝑑𝑚𝑖𝑛 = (
√3

𝜋
−
1

2
)

1
2

𝑑𝑤 (3 − 30 − b) 

𝐹 (
𝜌𝐺
𝜌𝐿
) = 1 + 88.1 (

𝜌𝐺
𝜌𝐿
) (for 

𝜌𝐺
𝜌𝐿
< 0.025) (3 − 30 − c) 

where 𝜎 is the surface tension, and 𝑑𝑚𝑖𝑛 is the characteristic diameter. Further, these 
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models can be modified by considering the fraction of the effective interfacial area of 

the packing, 𝑓𝑒,𝑃 [147] as follows: 

𝑃𝐺 − 𝑃𝐿 = (1 − 𝑓𝑒,𝑃)𝑃𝑐 (31) 

where 𝑃𝐺 − 𝑃𝐿  is the modified capillary pressure between the gas and liquid phase. 

These models have been used to analyze the effect of the capillary pressure on the radial 

liquid distribution in CPBs [128, 129, 148, 149]. However, most investigators tend to 

ignore the capillary pressure due to the large particle size and high packing porosity 

[130] in the CPB, and the mechanical dispersion was the only dispersion force that has 

been considered in their investigations [112-114]. However, in the RPB model, the 

effect of the capillary pressure on the liquid dispersion would be taken into account. 

This consideration is important because the diameter of the wire mesh is typically small, 

and the packing porosity employed in Section 5 is relatively low, with a value of 0.801. 

3.4.2 Mechanical dispersion 

Liu and Long [150], Mewes et al. [151] and Lappalainen et al. [152] have proposed 

many mechanical dispersion models for the CPBs. Among these models, the model 

proposed by Lappalainen et al. [152] is the most popular, and it has been employed in 

many works for the CPB simulations [112-115]. This model was initially derived based 

on spherical particle packings, and then it was proven to be suitable for structured 

packings [123, 130], thus indicating that this model has a wide range of adaptability to 

model the flow in different types of packings. Hence, the original model of Lappalainen 

et al. [152] is considered in this thesis to take into account the liquid dispersion in the 

RPB, which can be expressed as follows: 
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𝐹⃗𝐷,𝐺 = 𝐾𝐺𝑆𝑣⃗𝐷,𝐺 + 𝐾𝐺𝐿(𝑣⃗𝐷,𝐺 − 𝑣⃗𝐷,𝐿) (3 − 32) 

𝐹⃗𝐷,𝐿 = 𝐾𝐿𝑆𝑣⃗𝐷,𝐿 − 𝐾𝐺𝐿(𝑣⃗𝐷,𝐺 − 𝑣⃗𝐷,𝐿) (3 − 33) 

where 𝐹⃗𝐷,𝑖  is the mechanical dispersion force for the ith phase, and 𝑣⃗𝐷,𝑖  is the drift 

velocity for the ith phase.  

Based on the Fickian assumption, the drift velocity is a function of the gradient of the 

phase volume fraction and a spread factor, 𝑆𝑓. It can be written as follows: 

𝑣⃗𝐷,𝐿 = −
𝑆𝑓

𝜀𝐿
(|𝑣⃗𝐿|∇𝜀𝐿 − (𝑣⃗𝐿 ∙ ∇𝜀𝐿)

𝑣⃗𝐿
|𝑣⃗𝐿|

) (3 − 34) 

𝑣⃗𝐷,𝐺 = −
𝑆𝑓

𝜀𝐺𝛼𝐺
(|𝑣⃗𝐺|∇𝜀𝐺 − (𝑣⃗𝐺 ∙ ∇𝜀𝐺)

𝑣⃗𝐺
|𝑣⃗𝐺|

) (3 − 35) 

𝑆𝑓 = 0.231𝑑𝑤
0.5𝜎 (3 − 36) 

where ∇𝜀𝑖 is the spatial gradient of the phase volume fraction.  

Compared with the liquid dispersion force, the gas dispersion force is very small and 

has little effect on the liquid flow dynamics. More importantly, there is no forced gas 

flow in the RPB model used in Chapter 4; therefore, the gas dispersion force (equation 

(3-32)) may be neglected [130]. Furthermore, since the gas-liquid momentum exchange 

coefficient 𝐾𝐺𝐿 in Equations (3-15) and (3-16) is extremely small compared with the 

liquid-solid porous resistance coefficient 𝐾𝐿𝑆, Equation (3-33) can be reduced to 

𝐹⃗𝐷,𝐿 = 𝐾𝐿𝑆𝑣⃗𝐷,𝐿 (3 − 37) 

This is the most important force term in the liquid mechanical dispersion force, which 

has been verified in previous numerical studies [130]. 
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3.5 Gas-liquid effective interfacial area models 

The effective interfacial area is a crucial parameter for forecasting the transfers of mass, 

momentum, and energy across the interface between the phases. It is influenced by the 

fluid flow characteristics that is presented in the RPB. Since the characteristics of the 

multiphase flow are quite different when passing through the rotating packing and in 

the static cavity space, similar to the drag force, the effective interfacial area models in 

the packing and outer cavity zones should be, respectively, presented.  

3.5.1 Effective interfacial area in the packing zone 

The gas-liquid effective interfacial area is a critical parameter that has to be modelled 

when using porous medium models since it not only influences the flow dynamics, but 

also affects the mass transfer performance.  

In our recent publication, Xie et al. [31] have estimated the effective interfacial area 

when the liquid flows over a RPB packing material using the VOF modelling method 

by considering a range of different gravitational acceleration forces and liquid 

viscosities. The model has been validated against experimental observations and a 

correlation for the effective interfacial area was proposed as follows: 

𝐴𝑒,𝑃 = 202.3485 (
𝑔𝑐
𝑔1
)
0.0435

(
𝑈

𝑈1
)
0.4275

(
𝜈

𝜈1
)
0.1200

(
𝛽

𝛽1
)
−0.5856

(3 − 38) 

where the experimental constants 𝑔1  = 205.6 m/s2, 𝑈1  = 0.0106 m/s, 𝜈1  = 3.35× 10-6 

m2/s and 𝛽1  = 75°; 𝑔𝑐  is the central pedal acceleration, 𝑈  is the average superficial 

liquid velocity, 𝜈 is the kinematic viscosity of the liquid, and 𝛽 is the dynamic contact 

angle, which is determined by the packing surface and liquid property. When the 

dynamic contact angle (𝛽 ) in the effective interfacial area model is set as 12°, the 
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modelled fractional effective interfacial area for the cases simulated in the following 

sections is in the reasonable range of 0.29-0.68 [44, 96] and the liquid holdup and the 

CO2 capture coefficient matches the experimental data well. Therefore, this correlation 

will be employed in this thesis and the average superficial velocity should be replaced 

by the local superficial velocity to fit the non-uniform flows as follows: 

𝑈 = 𝜀𝐿|𝑣⃗𝐿| (3 − 39) 

In addition, within the packing bed, the method given by [6] has been employed to 

calculate the effective interfacial area in the cell next to the packing wall as follows: 

𝐴𝑒,𝑃𝑊 =
𝐴𝑃𝑊𝑓𝑒,𝑃 + 𝑎𝑠𝑓𝑒,𝑃𝑉𝑐𝑒𝑙𝑙,𝑃𝑊

𝑉𝑐𝑒𝑙𝑙,𝑃𝑊
= (

1

∆𝑥𝑃𝑊
+ 𝑎𝑠) 𝑓𝑒,𝑃 (3 − 40) 

where 𝐴𝑐𝑒𝑙𝑙,𝑃𝑊 and 𝑉𝑐𝑒𝑙𝑙,𝑃𝑊 are the wall surface area and volume of the cell next to the 

packing wall, respectively, ∆𝑥𝑃𝑊 is the radial length of the cell normal to the packing 

wall,  𝑎𝑠 is the specific area of the packing, 𝑓𝑒 is the fractional effective interfacial area 

in the packing, which is the ratio of the wet specific area to the total packing specific 

area (
𝐴𝑒,𝑃

𝑎𝑠
), and 𝑓𝑒,𝑃 of the packing walls is considered to be the same as that in the 

packing region. 

3.5.2 Effective interfacial area in the outer cavity zone 

At present, no correlation of the effective interfacial area has been introduced for the 

outer cavity zone of the RPBs in the published papers. The liquid phase exits in the 

form of the liquid droplets in the outer cavity space and the liquid film on the casing 

wall. For a spherical bubble or droplet, the algebraic interfacial area concentration 

models are derived from the surface area to volume ratio (𝐴𝑒 =
𝜋𝑑𝑝

2

1

6
𝜋𝑑𝑝

3
=

6

𝑑𝑝
). When using 
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the Eulerian multiphase model, a commonly used equation, as given in Equation (3-

40), could be utilized to estimate the effective interfacial area for the liquid droplets in 

the outer cavity space, which has been built in Fluent ia-symmetric model.  

𝐴𝑒,𝑂 =
6𝜀𝐺𝜀𝐿
𝑑𝑝,𝑂

(3 − 41) 

where 𝐴𝑒,𝑂 is the effective interfacial area in the outer cavity zone, 𝑑𝑝,𝑂 is the average 

diameter of the liquid droplets in the outer cavity zone. The ia-symmetric model not 

only considers the gas and liquid volume fraction, but also takes into account the liquid 

diameter. In the experimental work of Sang et al. [116], they concluded that the liquid 

exists in the outer cavity zone mainly in the form of droplets and a correlation of the 

average droplet diameter in the outer cavity zone has been proposed as follows [116]: 

𝑑𝑝,𝑂 = 0.042𝑊𝑒−0.272𝑅𝑒0.068(
𝑢0
𝜔𝑟𝑜

)0.098𝑟𝑜 (3 − 42) 

𝑊𝑒 =
𝜌𝜔2𝑟𝑜

3

𝜎
; 𝑅𝑒 =

𝜌𝜔𝑟𝑜
2

𝜇
; 𝑞 =

𝑢0
𝜔𝑟𝑜

;  𝑢0 =
𝑄𝐿
2𝜋𝑟𝑖ℎ

(3 − 43) 

where 𝑊𝑒 is the Weber number, 𝑅𝑒 is the Reynolds number with outer packing radius 

as the characteristic linear dimension, 𝜔  is the angular velocity, 𝑄𝐿  is the liquid 

volumetric flow rate, 𝑞 is the dimensionless liquid initial velocity, and 𝑟𝑜, 𝑟𝑖 and ℎ are 

the outer radius, inner radius and height of the packing, respectively.  

Because the liquid on the casing wall exists in the form of the liquid film instead of the 

liquid droplet, Equations (3-41)-(3-43), which are developed for the liquid droplets in 

the outer cavity space, cannot be used for estimating the effective interfacial area 

between the gas and the liquid film near the casing wall. If the casing wall surface is 
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fully covered by the liquid film, then the effective interfacial area in the cell next to the 

casing wall (𝑎𝑒,𝑂𝑊) is estimated as follows: 

𝐴𝑒,𝑂𝑊 =
𝐴𝑐𝑒𝑙𝑙,𝑂𝑊
𝑉𝑐𝑒𝑙𝑙,𝑂𝑊

=
1

∆𝑥𝑂𝑊
(3 − 44) 

where 𝐴𝑐𝑒𝑙𝑙,𝑂𝑊 and 𝑉𝑐𝑒𝑙𝑙,𝑂𝑊 are the wall area surface and volume in the computational 

cell next to the casing wall, respectively, and ∆𝑥𝑂𝑊  is the radial length of the cell 

normal to the casing wall. For the case studied in Chapter 5, the radial length ∆𝑥𝑂𝑊 is 

0.005 m, thus, the effective interfacial area near the casing wall is no more than 200 

m2/m3. According to Equation (3-44), it appears that the maximum effective interfacial 

area (𝐴𝑒,𝑂𝑊) depends on ∆𝑥𝑂𝑊. Nevertheless, it should be noted that the unit of the 

effective interfacial area (𝐴𝑒,𝑂𝑊) is m2/m3. The real physical mass transfer area (m2) 

could be obtained by 𝐴𝑂𝑊 = 𝐴𝑒,𝑂𝑊𝑉𝑐𝑒𝑙𝑙,𝑂𝑊 = 𝐴𝑐𝑒𝑙𝑙,𝑂𝑊, which is independent on the 

first-layer mesh size at the wall. 

3.6 Mass transfer model 

The two-film theory has by far been the most popular and useful theory for dealing with 

the CO2 mass transfer among the phases [111-115]. Generally, based on the two-film 

model and the Henry law, the overall mass transfer coefficient and enhancement factor 

are applied to express the mass transfer between the two phases, which can be expressed 

as follows: 

𝑆𝑚,𝑖 = 𝐾𝐿𝐴𝑒(𝐶𝐶𝑂2
∗ − 𝐶𝐶𝑂2) (3 − 45) 

1

𝐾𝐿
=

𝑅𝑇

𝐻𝐶𝑂2−𝑀𝐸𝐴𝑘𝐺
+

1

𝐸𝑘𝐿
(3 − 46) 

where 𝑆𝑚,𝑖  is the CO2 mass transferred through the gas-liquid interface, 𝐾𝐿  is the 
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overall mass transfer coefficient, 𝑘𝐺  and 𝑘𝐿 are the mass transfer coefficients in the gas 

and liquid phases, respectively, R is the gas constant, 𝐻𝐶𝑂2−𝑀𝐸𝐴 is the Henry constant, 

E is the enhancement factor, which is defined as the ratio of the absorption rate with 

and without chemical reaction [153], and 𝐶𝐶𝑂2
∗  and 𝐶𝐶𝑂2 are the CO2 concentrations on 

the surface of the liquid and in the liquid bulk flow, respectively. In particular, 

𝐻𝐶𝑂2−𝑀𝐸𝐴, E and 𝐶𝐶𝑂2
∗  have been adequately illustrated in many works [6, 100, 114], 

so that these factors are expressed in Table 3-1 along with some other important 

parameters. 

Since the CO2 mass transfer resistance between the gas and liquid is dominated by the 

liquid side, the CO2 mass transfer resistance in the gas side, the mass transfer resistance 

in the gas side is neglected. Therefore, Equation (3-46) may be simplified as the 

following equation: 

1

𝐾𝐿
=

1

𝐸𝑘𝐿
(3 − 47) 

Based on the film theory assumption, the mass transfer coefficient in the film theory is 

given as follows: 

𝑘𝐿 =
𝐷𝐿,𝐶𝑂2
𝛿

(3 − 48) 

where 𝐷𝐿,𝐶𝑂2 is the diffusivity of the CO2 in the liquid phase, which could be estimated 

by the N2O analogy method [154] and given in Table 3-1, and 𝛿 is the diffusion layer 

thickness for the mass transfer. 
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Table 3-1 Some of the correlations utilized in the current study. 

Equation name Equations Eq. No. Refer

ence 

Diffusivity of 

the MEA 

𝐷𝐿,𝑀𝐸𝐴 = exp (−13.275 −
2198.3

𝑇
− 0.078142𝐶𝐿,𝑀𝐸𝐴) 

T-3-1 [155] 

Diffusivity of 

CO2 in the 

MEA solution 

𝐷𝐿,𝐶𝑂2 = 𝐷𝐿,𝑁2𝑂
𝐷𝑤,𝐶𝑂2
𝐷𝑤,𝑁2𝑂

 T-3-2 

[154] 

𝐷𝑤,𝐶𝑂2 = 2.35 × 10−6 exp (−
2119

𝑇
) T-3-3 

𝐷𝑤,𝑁2𝑂 = 5.07 × 10−6 exp (−
2371

𝑇
) T-3-4 

𝐷𝐿,𝑁2𝑂

= 5.07 + 0.865𝐶𝑀𝐸𝐴

+ 0.278𝐶𝑀𝐸𝐴
2 exp (−

2371 − 93.4𝐶𝑀𝐸𝐴
𝑇

) 

T-3-5 

Enhancement 

factor 

𝐸 = 1 + ((𝐸𝑖 − 1)
−1.35 + (𝐸1 − 1)

−1.35)−
1
1.35 T-3-6 [156] 

𝐸𝑖 = 1 +
𝐷𝐿,𝑀𝐸𝐴𝐶𝐿,𝑀𝐸𝐴
2𝐷𝐿,𝐶𝑂2𝐶𝐿,𝐶𝑂2

 T-3-7 

[153] 
𝐸1 =

𝐻𝑎

tanh(𝐻𝑎)
 T-3-8 

𝐻𝑎 = √
𝑘2𝐷𝐿,𝐶𝑂2𝐶𝐿,𝑀𝐸𝐴

(𝑘𝐿)2
 T-3-9 

CO2 saturation 

concentration 
𝐶𝐿,𝐶𝑂2
∗ = 𝑀𝐶𝑂2

𝑃𝐶𝑂2
𝐻𝐶𝑂2−𝐿

 T-3-10 [157] 

Henry constant 

of the CO2 

𝐻𝐶𝑂2−𝐿 = 𝐻𝑁2𝑂−𝐿 (
𝐻𝐶𝑂2−𝐻2𝑂

𝐻𝑁2𝑂−𝐻2𝑂
) T-3-11 

[157] 

𝐻𝐶𝑂2−𝐻2𝑂 = exp (145.369 −
8172.355

𝑇
− 19.303) T-3-12 

𝐻𝑁2𝑂−𝐻2𝑂 = exp (158.245 −
9048.596

𝑇
− 20.86 ln 𝑇

− 0.00252) 

T-3-13 

𝐻𝑁2𝑂−𝑀𝐸𝐴 = exp (−9172.5 +
39.598

𝑇
) T-3-14 

𝐻𝑁2𝑂−𝐿 = 𝐻𝑁2𝑂−𝐻2𝑂𝐶𝐿,𝐻2𝑂 + 𝐻𝑁2𝑂−𝑀𝐸𝐴𝐶𝐿,𝑀𝐸𝐴

+ 3524641.533(𝐶𝐿,𝐻2𝑂𝐶𝐿,𝑀𝐸𝐴)
2 (1

−
𝑇

324.718
) exp(−13.219𝐶𝐿,𝑀𝐸𝐴) 

T-3-15 
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Guo et al. [71] and Munjal et al. [73] proposed the correlations for predicting the film 

thickness for the RPBs, which are shown in Equations (3-49) and (3-50), respectively. 

𝛿 = 4.20 × 108
𝑄𝐿
2𝜋𝑟ℎ

𝜈𝐿
𝜔2𝑟

(3 − 49) 

𝛿 = (3 (
𝑄𝐿
2𝜋𝑟

)
𝜈𝐿
𝑟𝜔2

)

1
3

(3 − 50) 

where 𝑟 is the radial distance, ℎ is the height of the packing. For the operating condition 

in the simulations, the enhancement factor (𝐸)  is approximately equal to the Hatta 

number (𝐻𝑎) when the reaction is in the fast reaction regime (5 ≤ 𝐻𝑎 ≪ 𝐸𝑖) due to the 

high MEA concentration and the small CO2 partial pressure given by Equations (T-3-6) 

and (T-3-8) [158-160]. As a results, 𝐾𝐿 = 𝐸𝑘𝐿 ≈ 𝐸1𝑘𝐿 ≈ 𝐻𝑎𝑘𝐿 =

√
𝑘2𝐷𝐿,𝐶𝑂2𝐶𝐿,𝑀𝐸𝐴

(𝑘𝐿)2
𝑘𝐿 = √𝑘2𝐷𝐿,𝐶𝑂2𝐶𝐿,𝑀𝐸𝐴, which means that the overall mass transfer rate 

is almost independent of the layer thickness. In addition, this conclusion is consistent 

with that drawn by Lu et al. [6]. Therefore, either of these equations could be utilized 

in this work and Equation (3-49) is selected in this thesis as this equation is driven from 

the wire mesh [71], which is also the experimental packing material used in the 

experiments [161]. 

In order to clearly illustrate the calculation process of the amount of the transferred CO2, 

a flowchart is provided to elucidate the application of the above equations. 
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Figure 3-2 The calculation procedure for the mass transfer. 

3.7 Chemical reaction rate  

The CO2-MEA chemical system can be described by the zwitterion mechanism [162], 

and the overall reaction between CO2 and MEA is expressed as follows [100]: 

2MEA + CO2 ⇌MEACOO− +MEAH+ (3 − 51) 

The above reaction could be separated into two-step reactions. According to the 

zwitterion mechanism, the zwitterion ion (MEAH+COO-) is generated as an 

intermediate product through the reaction between CO2 and MEA [163]. Then, this 

zwitterion undergoes deprotonation by a base (MEA) to yield carbamate (MEACOO-) 

[164], and the two-step reactions are as follows: 

MEA + CO2 ⇌MEAH+COO− (3 − 52) 
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MEAH+COO− +MEA → MEACOO− +MEAH+ (3 − 53) 

Reaction (3-53) has a finite rate and can be implemented in Ansys Fluent through the 

utilization of UDFs as source terms. Reaction (3-53) (i.e. carbamate formation) serves 

as the controlling step and describes the whole reaction kinetics [153, 165]. It can be 

regarded as a second-order irreversible reaction, and the reaction rate can be written as 

[166]: 

𝑟𝐶𝑂2
, = −𝑘2[𝑀𝐸𝐴][𝐶𝑂2] (3 − 54) 

where 𝑘2  is the reaction rate constant. Various reaction rate constants for the CO2 

captured by the MEA solution have been proposed based on various experimental 

conditions [160, 166-169].  

Among them, the reaction rate proposed by Versteeg et al. [170] has been validated by 

Ying and Eimer [160] and used in many studies [158, 160], which is given as follows: 

𝑘2 = 4.4 × 10
11 exp (−

5400

𝑇
) (3 − 55) 

On the other hand, the high temperature may lead to the release of the CO2, and the 

backward reaction and reaction rate constant is given as follows [171]: 

MEACOO− +MEAH+ = 2MEA + CO2 (3 − 56) 

𝑘𝑏 = 4.8531 × 10
23 exp (−

102740

𝑇
) (3 − 57) 

3.8 Heat transfer model 

The transferred heat between the two phases is a function of the temperature difference 

and the effective interfacial area: 
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𝑄ℎ,𝐺𝐿 = ℎ𝐺𝐿𝐴𝑒(𝑇𝐿 − 𝑇𝐺) (3 − 58) 

where 𝑄ℎ,𝐺𝐿 is the transferred heat between the gas and liquid, and ℎ𝐺𝐿 is the heat 

transfer coefficient. Here, a commonly used model-Hughmark model [172]-was 

utilized to calculate the heat transfer coefficient between the gas and the liquid, 

namely 

ℎ𝐺𝐿 =
𝜅𝐺𝑁𝑢𝐿
𝑑𝑝

(3 − 59) 

𝑁𝑢𝐿 = {
2.0 + 0.6𝑅𝑒𝐿

1
2𝑃𝑟𝐺

1
3           0 ≤ 𝑅𝑒𝐿 < 776.06, 0 ≤ 𝑃𝑟𝐺 < 250

2.0 + 0.27𝑅𝑒𝐿
0.62𝑃𝑟𝐺

1
3            776.06 ≤ 𝑅𝑒𝐿 , 0 ≤ 𝑃𝑟𝐺 < 250

(3 − 60) 

𝑃𝑟𝐺 =
𝐶𝑝𝐺𝜇𝐺

𝜅𝐺
(3 − 61) 

where 𝜅𝐺  is the thermal conductivity of the gas phase, 𝑁𝑢𝐿 is the Nusselt number of 

the liquid phase, 𝑃𝑟𝐺 is the Prandtl number of the gas phase, and 𝐶𝑝𝐺 is the specific 

heat. The heat transfer in the RPB is determined by the heat transfer rate, which is 

inversely proportional to the liquid droplet diameter according to Equation (3-59). The 

larger the liquid droplet diameter, the lower is the heat transfer rate, which means that 

more heat could be retained in the liquid phase. As a result, the liquid temperature 

changes and the CO2 capture performance is changed. Therefore, the liquid droplet 

diameter is a critical parameter for the CO2 absorption, and this parameter in the 

packing region and outer cavity zone should be carefully modelled. In particular, the 

diameter of the liquid droplets in the outer cavity zone [116] are shown in Equation 

(3-42), whereas the diameter in the packing region has been regressed as two 

correlations based on the same set of the experimental data [78], namely [71, 75]: 
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𝑑𝑝,𝑃 = 0.7284 (
𝜎

𝜔2𝑟𝜌
)
0.5

(3 − 62) 

𝑑𝑝,𝑃 = 12.84 (
𝜎

𝜔2𝑟𝜌
)
0.630

𝑢0.201 (3 − 63) 

where 𝑟 is the radial coordinate of the packing from the centre, and 𝑢 is the liquid 

flow rate per unit area, which is only included in Equation (3-62). Since the liquid 

diameter is influenced by the liquid flow rate 𝑢 , Equation (3-62) could more 

accurately predict the diameter of the liquid droplets in the packing region. Thus, 

Equation (3-62) has been utilized in this thesis. 

3.9 Conclusion 

In this chapter, the Eulerian porous medium method has been introduced for 

effectively investigating the physical and chemical performance in the RPB. In 

addition, the governing equations, the drag force models, the dispersion force model, 

the effective interfacial area models for the non-uniform gas-liquid flows, the reaction-

enhancement mass transfer model, and the heat transfer model, have been introduced 

in order to study the hydrodynamics, thermodynamics, mass transfer inside the entire 

RPB. In particular, the drag force models, the effective interfacial area models, and the 

liquid droplet diameter models have been separately illustrated for packing and outer 

cavity zones to quantitatively evaluate the CO2 capture in these zones. 

To enhance comprehension of the sub-models utilized in the upcoming three chapters, 

three flowcharts have been incorporated to visually depict the specific sub-models 

employed in Chapter 4, Chapter 5, and Chapter 6, respectively.  
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Figure 3-3 The sub-models employed in Chapter 4. 
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Figure 3-4 The sub-models employed in Chapter 5. 
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Figure 3-5 The sub-models employed in Chapter 6. 
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CHAPTER 4 : LIQUID DISPERSION IN A 3D RPB 

MODEL USING AN EULERIAN POROUS 

MEDIUM APPROACH 

Summary  

In this chapter, a 3D Eulerian porous medium model has been utilized coupled with the 

appropriate interfacial, drag and dispersion forces formulations for investigating the 

effect of the liquid dispersion in a practical RPB. The simulation results show that the 

effect of the capillary pressure and mechanical dispersion forces on the liquid flow 

distribution and holdup in the RPB is clear and important. In addition, the effects of 

the dispersion force on the liquid holdup under different design and operational 

parameters have been thoroughly analyzed. The investigation demonstrates that 

utilizing the Eulerian method can substantially reduce the simulation time and efforts 

when compared to the pore resolved method, such as the Volume of Fluid method. This 

provides an accurate and feasible approach to simulate RPBs in full 3D and for RPB 

technology scaling up and optimizations.  

4.1 Introduction 

Liquid dispersion plays an important role in determining the liquid flow behaviour in 

the RPB and it is the predominant reason for the enhancement of the mass transfer in 

RPBs [18]. Liquid dispersion in the RPBs has been explored previously both 
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experimentally and computationally using the VOF method [14, 17, 18, 32, 38-40, 77]. 

However, these studies were only at the stage of observing the phenomenon and the 

process of the dispersion in RPBs, and no one has evaluated and quantified the 

dispersion in a RPB. In addition, the VOF method is not suitable for simulations of 

pilot-scale 2D and 3D RPBs due to the limitations in computer resources, while the 

Eulerian method using a porous media model is a promising alternative method. 

In this chapter, a 3D RPB model was employed based on a practical RPB from the 

published literature. The packing zone was regarded as a porous media and the Eulerian 

porous medium method coupled with the interfacial, drag and dispersion force models 

were employed to study the liquid dispersion in the packing region of the RPB. The 

sub-models employed in this chapter have been illustrated in a flowchart in Section 3.9. 

The results have been compared with the available experimental data. The sensitivity 

of the sub-models and the effect of some important parameters, including the rotational 

speed, bed porosity, liquid flow rate, liquid nozzle size and number of nozzles have 

been thoroughly analyzed and discussed. The results show that using the model 

developed can accurately and effectively reflect the distribution of the liquid holdup in 

the packing region and the effect of the dispersion force on the liquid holdup under 

different simulation conditions. Thus, the proposed method has paved the way for the 

model to be used, with confidence, in the next chapter for simulating the gas-liquid flow 

and mass transfer in a 3D entire RPB cost effectively and accurately.  
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4.2 CFD modelling 

4.2.1 Geometry of the RPB 

In order to develop and validate the CFD model, quality experiment data should be 

obtained. Among the available experimental studies in the literature on RPBs [20, 60, 

64, 173], Yang’s experiment [64] has been selected and it is for the following reasons: 

(i) the relative detailed dimensions of the RPB have been provided, especially the size 

of the liquid distribution nozzle; (ii) the packing material used in Yang’s experiment 

matches those employed in the development of the drag force model used in this paper 

so that the accuracy of the model can be ensured; (iii) the liquid holdup with different 

operational conditions and the distribution of liquid holdup along the radial position are 

presented in Yang’s paper, which could be used to verify the simulation results; and 

(iv) the experimental data has previously been used by Ouyang et al. [26], Lu et al. [34], 

Xie et al.[31] and Liu et al. [20] in order to validate their models, thus indicating that 

the data is reliable. 

The 3D geometry of the experimental rig has been reproduced in Figure 3-1. Because 

the outer cavity zone between the case and the rotating bed has almost no influence on 

the liquid holdup within the packing region [28, 29], and the objective of this chapter 

is to study the hydrodynamics in the packing region, then only the rotating bed itself 

and the location of the liquid nozzle are shown in the figure. The inner diameter, outer 

diameter and axial length (thickness) of the packing are 42, 82 and 20 mm, respectively. 

The packing is a wire mesh with a void fraction and a specific area of 0.95 and 497 

m2/m3, respectively. The rotational speed of the bed employed in the experiments varied 

between 500-2500 rpm, and the liquid flow rate ranged from 22.9 - 43 cm3/s. The liquid 
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distributing nozzle is rectangular in shape, and its size is 1×15 mm.  

 

 

Figure 4-1 Schematic diagram of the 3D RPB and corresponding size (1, outer cavity 

zone; 2, packing zone; 3, inner cavity zone; 4, pressure outlet; 5, symmetry; 6, liquid 

inlet; 7, pressure outlet, Z - axis is the axis of rotation). 

In the CFD model, due to the symmetry of the packing bed, only half of the bed has 

been investigated, and the thickness of the packing is 10 mm, as shown in Figure 4-1. 

In addition, for the purpose of numerical stability, an 8mm extension to the exit of the 

rotational bed was used. Therefore, the diameter of the model is 90 mm in total.   

4.2.2 Assumptions for the model 

The main assumptions made for the RPB model are as follows: 

(i) The packing is a homogenous porous medium. 

(ii) The flow is incompressible. 

(iii) The pressure field is shared by the gas and liquid phases. 

(iv)  The liquid flow in the packed bed is dominated by the form of the film, and the 

dispersed droplets. 
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4.2.3 Solution procedure  

The 3D RPB simulations have been performed using the ANSYS Fluent (version 

2019R3). The transient based solver is employed in order to solve the governing fluid 

flow equations discussed in the previous sections, and the UDF has been developed for 

implementing the extra forces in the momentum equations. The air and water have been 

selected as the gas and liquid materials, respectively.  

It is generally believed that the realizable k-ɛ model is more suitable for RPB than the 

standard k−ɛ model due to two reasons. Firstly, the realizable k-ɛ model contains a new 

formulation for the turbulence viscosity: 𝐶𝜇 is not a constant as in the standard model 

but a variable, and it is a function of the mean strain and rotation rates [174]. The second 

reason is a new transport equation for the dissipation rate in the realizable k-ɛ model, ɛ, 

is employed and this is derived from an exact equation for the transport of the mean-

square vorticity fluctuation [175]. As a result, the realizable k-ɛ model gives improved 

predictions for the spreading rate of the jets, a superior ability to capture the mean flow 

of complex structures and for flows involving rotation, boundary layers under strong 

adverse pressure gradients, separation and recirculation [119]. In addition, it has been 

frequently used for the fluid flow simulations in RPBs [21, 90, 176, 177]. Therefore, 

the realizable k-ɛ turbulence model has been chosen in this thesis. 

The pressure-based method and the absolute velocity formulation have been utilized. 

The time step was set as 3×10-4 s, and the maximum iteration number was less than 20 

at each time step and the convergence tolerance was 1×10-4. When the simulation 

achieved the pseudo steady state, the difference of the mass flow rate between the liquid 

inlet and outlet was less than 0.1%, and the residuals of the mass balance equations and 
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the other equations were less than 5×10-4 and 1×10-4, respectively.  

4.2.4 Boundary conditions  

The liquid phase is water, and its viscosity is 0.001 kg/(m· s). The gas phase is air. It 

can be seen from Figure 4-1 that the inlet (boundary 6) has been set as a velocity inlet 

boundary and the liquid velocity ranges from 1.53 to 2.87 m/s according to the 

experimental settings [64]. In addition, there is no forced gas flows through the packed 

bed in the experiment [64]. Therefore, the gas velocity is set as 0. Accordingly, the 

inner and outer surfaces of the RPB (boundary 7 and 4) are set as pressure outlets with 

a zero gauge pressure. The rotational speeds varies from 500 to 2500 rpm. Since the 

gravity is relatively small when compared with the high centrifugal force (5.8-286 times 

that of gravity), the gravity can be neglected in the RPB [25]. As a result, the flow is 

almost symmetric across the bed from the top to the bottom. Therefore, only half of the 

bed has been modelled with a symmetric boundary being applied on the central plane 

perpendicular to the rotating axis in order to minimize the computational time. The 

porosity of the packing is set as 0.95. The sliding model has been employed to realize 

the motion of the packing. The wall boundaries have been set as no slip walls. 

Table 4-1 The operational conditions employed in the experiments [64]. 

Liquid flow 

rate (cm3/s) 

Liquid viscosity 

(kg/(m· s)) 

Rotational 

speed (rpm) 

Packing 

porosity 

Nozzle size 

(mm×mm) 

Number 

of 

nozzles 

23-43 0.001 500-1500 0.95 15×1 1 

4.2.5 Mesh independence 

The ANSYS Mesh was employed to generate the grid of the 3D RPB model, see Figure 
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4-2 for a typical mesh layout. The hexahedral mesh elements formed the 3D 

computational grid. The average skewness and element quality are 0.09 and 0.91, 

respectively. The liquid holdup in the packing was tested with many different numbers 

of cells and meshes in order to obtain a mesh independent solution. It was found the 

liquid holdup in the packing remained stable until the cell number reached 51,000. As 

a result, 51,000 cells were employed in order to accurately calculate the flow field. 

 

Figure 4-2 Schematic of the mesh in the 3D model. 

4.3 Results and discussion 

In this section, the model validations have been presented with one of the experimental 

cases under the rotational speed and liquid flow rate being 1500 rpm and 43 cm3/s, 

respectively. And a total of 96 cases have simulated where the sensitivity of the formula 

employed for the modelling of the dispersion force and the effect of various design and 

operational parameters of the RPB on the fluid flows and liquid holdups have been 

investigated.   

4.3.1 Validation and the liquid holdup along the radial direction 

In order to validate the CFD model developed, the liquid holdup has been chosen as the 
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validation parameter because of the following reasons: (i) the liquid holdup is one of 

the most important parameters in the packed bed design, as it is relevant to the hydraulic 

and mass transfer property of the bed. It is a result of the balance of various forces 

including the dispersion force acting on the liquid; (ii) the liquid holdup could indirectly 

reflect other factors, such as the liquid velocity. For the RPBs, the higher the radial 

velocity, the lower is the liquid holdup. If the liquid holdup obtained by the simulation 

matches well with the experimental data, then this indicates that the liquid velocity has 

a good agreement with the experimental data; (iii) although many parameters, including 

the liquid holdup, liquid velocity, etc., could be obtained by the simulation, the liquid 

holdup is much easier to be obtained for most experimental investigations. Therefore, 

many studies on the flow dynamics in the RPBs have selected the liquid holdup as the 

validation parameter [16, 20, 26, 28, 31, 34, 38]. The distributions of the liquid holdup, 

and the fractional effective interfacial area in the RPB have been obtained under the 

conditions of 1500 rpm rotational speed and 43 cm3/s liquid flow rate, as listed in Figure 

4-3. The results obtained are compared with the experimental data obtained from [64].  

Figure 4-3(a) shows the experiment observations obtained using X-ray technology, 

which shows the image of the liquid across the thickness of the bed. Figure 4-3(b) 

shows the predicted distribution of the liquid holdup on the central plane (plane of 

symmetry) obtained from the CFD simulation. A liquid stream with a high liquid 

fraction is presented in Figure 4-3(a) and 4-3(b) at the entrance to the bed due to the 

significant resistance of the packing. In addition, the liquid begins to flow in the 

tangential direction followed by the rotational bed and its radial velocity becomes 

smaller. In the meantime, the liquid spreads and disperses along its flow path, resulting 
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in a decreasing local liquid fraction and a more uniform liquid distribution as shown in 

both figures. The liquid volume fraction continues to decrease until the liquid flows out 

the outer packing region. From the above analysis, it is known that the liquid flow 

process and the liquid holdup distribution within the RPBs are similar in the simulation 

results and experimental data. The quantitative comparisons will be given in Figure 4-

4(b).  

Figure 4-3(c) shows the predicted fractional effective interfacial area on the symmetric 

plane. Because the effective interfacial area is the interfacial area in contact with the 

gas and liquid per unit volume of the packing, it can be found that the fractional 

effective interfacial area is larger where the liquid holdup is higher by comparing with 

Figures 4-3(b) and 4-3(c). 

 

Figure 4-3 (a) Map of liquid holdup from the experiment [64]; contours of (b) liquid 

holdup from the simulation; and (c) fractional effective interfacial area from the 

simulation. 

Figure 4-4 show the comparison of the liquid holdup between the simulation and the 

experimental data [64] in terms of (a) the liquid holdup along the radial position and (b) 

the total liquid holdup as a function of the rotational speed of the bed, together with the 
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velocity distribution along the radial direction. From Figure 4-4(a), it can be seen that 

the liquid holdup increases in the inner packing region (end-effect zone) since more and 

more liquid is dispersed and captured and the liquid radial velocity decreases quickly 

as is shown on the left of Figure 4-4(c) and this results from the large resistance from 

the packing. After that, the liquid radial velocity decreases gradually due to the 

resistance force with the wire mesh packing, and the liquid tangential velocity is close 

to and almost overlaps with the tangential velocity of the packing because the liquid 

quickly and largely follows the rotating packing after the liquid enters the packing. In 

the meantime, the fraction of the liquid volume (liquid holdup) should become smaller 

with the increase in the flow space in the bulk and outer packing region, thus resulting 

in a gradually decreasing liquid holdup along the radial direction. This phenomenon has 

been accurately predicted by the simulation results and also in the experimental data 

except in the outer packing region where an increase in the holdups is observed in the 

experiments. As explained by the authors of the experiments [64], the possible reasons 

of this observed increase are that the outer packing region has a slightly lower porosity 

relative to the bulk packing and the liquid droplets bounce back to the outer packing 

region after hitting the casing wall. These two reasons lead to the observed increase in 

the liquid holdup in the outer packing region. In addition, these reasons could also 

explain the high liquid holdup in a thin ring observed experimentally at the outer 

packing in Figure 4-3(a).  

Figure 4-4(b) shows the comparison of the liquid holdup in the packing region under 

different rotational speeds between the simulation results and experimental data. It can 

be seen that the two curves decrease with the increasing rotational speed due to the 
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gradually stronger centrifugal force and the two curves are very close to each other. 

From Figure 4-4(b), the maximum deviation is observed at the lowest tested rotational 

speed (500 rpm) and the largest liquid flow rate (43 cm3/s). However, for the rest of the 

test conditions, the deviation is much lower, which could even be as low as 2%. It can 

be seen from Figure 4-4(a) that the liquid holdup increases in the outer packing region 

in the experiment, which may be the main reason for the deviation. As explained in the 

last paragraph, the slightly lower porosity and the liquid droplets that bounce back into 

the outer packing region lead to the observed increase in the liquid holdup in the 

experiment [64] and the deviation increases when the rotational speed decreases or the 

liquid flow rate increases. This could explain why the maximum deviation is observed 

at the lowest tested rotational speed (500 rpm) and the largest liquid flow rate (43 cm3/s). 

In addition to the outer spacing region, the difference in the liquid holdup in the inner 

and bulk packing regions is relatively small. Although only one experimental work has 

been used to validate the work presented in this chapter, the simulation results were 

very thoroughly and carefully compared with this set of experimental data. From 

Figures 4-3(a) and 4-3(b) as well as Figures 4-4(a) and 4-4(b), not only the distribution 

of the liquid holdup has been visually compared, but also the liquid holdup has been 

compared along the radial positions and under several different rotational speeds. 

Therefore, the model developed in this chapter could be used with much confidence to 

investigate the flow dynamics in the RPBs. 
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Figure 4-4 Comparison of the experimental data [64] and the simulation results for 

the liquid holdup (a) along the radial direction; (b) under different rotational speeds; 

and (c) velocity components along the radial direction. 

Figure 4-5 shows the liquid distribution across the thickness of the bed on two different 

vertical planes (a, x=0 and b, y=0, see Figure 4-3(b)). It clearly can be seen from Figure 

4-5(a) that after the jet flows from the liquid nozzle, the local liquid holdup becomes 

smaller in the inner cavity zone. When the liquid enters the inner packing, the local 

liquid holdup increases in the vicinity of the boundary of the inner cavity zone and the 

packing, and this increase has been shown and explained in Figures 4-3(a) and 4-3(b). 

After the liquid enters the packing, the liquid achieves its tangential velocity, thus, the 

liquid “appears and disappears” on these vertical planes as shown in Figures 4-5(a) and 

4-5(b). Meantime, the liquid starts to disperse and spread, and as a result, the liquid 

distribution is relatively uniform in the axial direction in the outer packing region.  
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Figure 4-5 Contours of the liquid holdup on the planes (a) x = 0 and (b) y = 0. 

4.3.2 Sensitivity of the simulation results to the dispersion force model 

As mentioned in Section 4.1.4, the dispersion forces consist of the capillary pressure 

force and the mechanical dispersion force. Therefore, different capillary pressure 

models and the spread factor, 𝑆𝑓 in the mechanical dispersion model can influence the 

magnitude of the modelled dispersion force and subsequently the distribution of the 

liquid holdup. 

In order to demonstrate the degree of the liquid dispersion in all three flow directions, 

in particular the effect of the nozzle length. Two nozzle lengths, i.e. 15 and 7.5 mm (in 

the z-direction) have been employed. 

4.3.2.1 Capillary pressure model 

The Grosser and the Attou and Ferschneider models, which have been introduced in 

Section 4.4.1.1 were, respectively, employed as a source term ( 𝐹⃗𝐶,𝐿 = 𝜀𝐿(1 −

𝑓𝑒)∇𝑃𝐶) in the momentum equation and their effect on the predicted liquid holdup were 

compared with those obtained without including the dispersion force term. In general, 

the liquid will disperse from the region of a higher liquid volume fraction to the region 

of a lower liquid volume fraction. During this process, the liquid spreads and disperses 
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into smaller droplets or forms thinner films under the effect of the dispersion force. This 

subsequently leads to more contact between the liquid and the packing and this 

increases the drag force from the packing (see Equation (3-14)). Therefore, more liquid 

is stacked in the packing region and the liquid holdup increases.  

Figure 4-6 shows the effect of two different capillary pressure models on the liquid 

holdup distribution in the packing region for the two nozzle lengths investigated. It can 

be observed in Figure 4-6 that the Grosser capillary pressure model (Equation (3-29)) 

has little effect on the liquid holdup for both nozzle lengths. The possible reason is that 

in this model the capillary pressure force is inversely proportional to the packing 

porosity and the particle diameter only. Although the diameter of the wire mesh is small, 

the packing porosity is large, and it is close to 1. In addition, it has been reported that 

this model has the drawback that may fail to reproduce the steep rise in the capillary 

pressure as the liquid saturation approaches zero [152]. The above reasons may cause 

the Grosser capillary model to fail to catch the effect of the capillary pressure force in 

this RPB model. However, an increase in the liquid holdup is shown in Figure 4-6 after 

employing the Attou model. This is because that the Attou model is not only related to 

the packing porosity and diameter of the wire mesh, but also it is a function of the 

minimum equivalent diameter (𝑑𝑚𝑖𝑛) and the fluid density ratio. In addition, it can be 

seen from Figure 4-6 that when the nozzle length is 15 mm, the liquid holdup starts to 

increase in the inner packing region and this is because the liquid has enough contact 

area with the packing to disperse due to the relatively uniform liquid distribution at the 

axial direction (z - direction). However, when the nozzle length is 7.5 mm, which means 

the liquid concentrates in the central part of the inner packing, the liquid dispersion 
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cannot increase quickly until it flows into the bulk of the packing where the liquid has 

occupied enough space to disperse.  

From the above analysis, it can be assumed that the Attou model can be used to 

accurately describe the capillary pressure force on the liquid holdup. In addition, this 

model can overcome the shortage of the Grosser model and it has been widely validated 

and used in many works for CPBs [149, 152, 178]. Therefore, the Attou model has been 

utilized in the following work. 
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Figure 4-6 The effect of the capillary pressure models on the liquid holdup. 

4.3.2.2 Spread factor in the dispersion force model 

The spread factor, 𝑆𝑓 , which is the only estimated parameter for the mechanical 

dispersion model, determines the magnitude of the drift velocity and thus influences 

the dispersion of the liquid. By conducting the tracer experiments of the CPBs, Hoek et 

al. [179] investigated the effect of the packing particle size on the spread factor and 

proposed a correlation for the spread factor (𝑆𝑓 = 0.12𝑑𝑤). In addition, the packing 

particle shape was considered, and the correlation ( 𝑆𝑓 = 0.015𝑑𝑤
0.5𝜙−0.33 ) was 

suggested by Baldi and Specchia [180]. However, this does not take into account the 
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liquid surface tension, thus, another correlation (𝑆𝑓 = 0.231𝑑𝑤
0.5𝜎 ) was introduced 

[181], which is dependent of the particle size and surface tension. 

Similar to the capillary pressure force, the mechanical dispersion force is also 

considered as a source term in the momentum equation. The effect of the different 

correlations discussed above for the spread factor on the liquid holdup along the radial 

direction of the RPB has been investigated as shown in Figure 4-7 where only the 

mechanical dispersion forces have been considered, without including the capillary 

pressure force. When the nozzle length is 15 mm, the effect of the mechanical 

dispersion force on the liquid holdup is relatively small. The reason is that the liquid 

holdup in the packing region is relatively small in three flow directions due to the large 

nozzle length. This leads to a small spatial gradient of the liquid holdup and a small 

driving force to cause the liquid to flow from the high liquid fraction region to the low 

liquid fraction region and subsequently result in a small increase in the liquid holdup 

due to dispersion. It also can be observed that the red curve increases slightly with 

respect to the black curve because of the very small spread factor, which is 4.8×10-5. 

For the nozzle length being 7.5 mm, the blue and olive curves, whose spread factors 

respectively are 3.0×10-4 and 3.3×10-4, are clearly higher than the red curve. Therefore, 

it can be concluded that the spread factor is a very sensitive quantity for flows with a 

less uniform and more concentrated distribution, such as those for the case of the nozzle 

length being 7.5 mm. 

It was reported that the correlations of Baldi and Specchia [180] and Onda et al. [180] 

were more consistent with the experimental data of CPBs [152]. In addition, the 

distributions of the liquid holdup in the packing region of the RPB are similar when 
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employing the above two mechanical dispersion models as shown in Figure 4-7, which 

means that both models can be theoretically utilized in the RPB. Nevertheless, Baldi 

and Specchia [152] studied the influence of the shape of the packing elements by using 

beads, Berl saddles and Raschig rings, but not the wire mesh used in this thesis. In 

addition, the surface tension can affect the liquid dispersion [182], and this factor is 

considered when the spread factor is estimated using 0.231𝑑𝑤
0.5𝜎, thus this correlation 

has been selected in the work presented in the remainder of this thesis.  

So far, the suitable capillary pressure and mechanical dispersion models have been 

assessed. The significance of the capillary pressure force and mechanical dispersion 

force to the predicted liquid holdup can be assessed by comparing Figures 4-6 and 4-7. 

It is noted that the influences of the capillary pressure force and mechanical dispersion 

force on the liquid hold up are in a similar order of magnitude for the case when the 

nozzle length is 15 mm. When for the nozzle length is 7.5 mm, the predicted liquid 

dispersion in this RPB is dominated by the mechanical dispersion and the capillary 

effect is small.  
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Figure 4-7 The effect of the correlations for the spread factor on the liquid holdup. 
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4.3.3 Effect of the operational and design parameters on the dispersion 

force 

The effect of the operational parameters on the dispersion force has been investigated 

in the RPB models with the two liquid nozzle lengths of 15 and 7.5 mm. In addition, 

the effect of the dispersion forces on the liquid holdup with different operational 

parameters are similar for both the investigated liquid nozzle lengths. Therefore, in this 

section only the 7.5 mm nozzle length has been chosen to show the effect of the 

operational parameters on the dispersion force. In addition, in order to highlight the 

characteristics of the model when employing dispersion forces, the effect of the 

dispersion force on the liquid holdup have been analyzed by comparing the results of 

the liquid holdup predicted from the models with and without employing the dispersion 

forces. 

4.3.3.1 The effect of liquid flow rate 

Figure 4-8 illustrates the effect of the liquid flow rate on the liquid holdup in the packing 

region when the rotating speeds are 500 and 1000 rpm and the liquid flow rate varies 

from 23 to 43 cm3/s. On taking the rotating speeds of 500 rpm as an example, Figures 

4-9 and 4-10 show the predicted contour plots of the liquid holdup and the fractional 

effective interfacial area on the central/symmetric plane (z=0.01 m) without and with 

considering the dispersion forces. It can be observed, when the liquid flow rate 

increases, more liquid exists in the packing region as shown in Figures 4-10(a) and 4-

10(b), thus, the liquid volume fraction (holdup) becomes higher in the packing as can 

be seen in Figures 4-8(a) and 4-8(b). It also indicates that more of the packing surface 
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is covered by the liquid phase. As a result, the effective interfacial area increases, and 

this is shown in Figures 4-10(c) and 4-10(d).  
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Figure 4-8 The effect of the liquid flow rate on the liquid holdup under different 

rotational speeds: (a) 500 rpm and (b) 1000 rpm. 

Compared with Figures 4-9(a) and 4-10(a) or Figures 4-9(b) and 4-10(b), it is clear that 

the liquid distributes more uniformly under the influence of the liquid dispersion force. 

It further leads to a higher effective interfacial area, which is shown by comparing 

Figures 4-9(c) and 4-10(c) as well as Figures 4-9(d) and 4-10(d). Although it appears 

that the red area occupied in Figures 4-9(c) and 4-9(d) are larger than that in Figures 4-

10(c) and 4-10(d), the fact is that the overall fractional effective interfacial area in 

Figures 4-10(c) and 4-10(d) increases. This is because the liquid is distributed more 

uniformly and more liquid covers the packing surface and is in contact with the gas 

phase due to the dispersion effect. Also, it can be seen from Figure 4-8(a) that the effect 

of the dispersion forces on the liquid holdup becomes larger with the increase in the 

liquid flow rate and this is due to the higher spatial gradient in the liquid holdup. 
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However, the increase in the liquid holdup in Figure 4-8(b) is smaller when compared 

with that in Figure 4-8(a). The reason is that the liquid spreads into more tiny droplets 

due to the stronger interaction with packing when employing a higher rotational speed. 

As a result, the dispersed liquid droplets achieve a larger radial velocity and they are 

difficult to retain in the packing region.  

  

Figure 4-9 The holdup up and fractional effective interfacial area on the symmetric 

plane before employing the dispersion force with different liquid flow rates: (a) 𝜀𝐿, 23 

cm3/s; (b) 𝜀𝐿, 43 cm3/s; (c) 𝑓𝑒, 23 cm3/s; and (d) 𝑓𝑒, 43 cm3/s. 

 

Figure 4-10 The holdup up and fractional effective interfacial area on the symmetric 

plane after employing the dispersion force with different liquid flow rates: (a) 𝜀𝐿, 23 

cm3/s; (b) 𝜀𝐿, 43 cm3/s; (c) 𝑓𝑒, 23 cm3/s; and (d) 𝑓𝑒, 43 cm3/s. 
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4.3.3.2 Effect of the rotational speed and packing porosity 

It has been proven that the rotational speed can influence the liquid flow dynamics and 

liquid dispersion in the packing region [20, 28, 137]. Thus, the effect of the rotational 

speed on the liquid holdup is shown in Figure 4-11(a) when the liquid flow rate is 43 

cm3/s. When the rotational speed increases from 500 to 2500 rpm, the liquid can receive 

more kinetic energy from the rotating packing, and the liquid is formed into more tiny 

droplets and fragments, which can improve the liquid distribution and the effective 

interfacial area [28]. Although the higher effective interfacial area can increase the 

liquid-solid drag force, the higher liquid radial velocity resulting from the stronger 

centrifugal force is predominant, thus leading to the liquid holdup reducing as shown 

in Figure 4-11(a). In addition, the lower liquid holdup and more uniform liquid 

distribution are caused by the higher rotational speed and this leads to a smaller spatial 

gradient of the liquid holdup, which causes the smaller liquid dispersion forces. 

Therefore, the increase in the magnitude of the liquid holdup reduces with the rotational 

speed increasing.  

The packing porosity is an important characteristic for the RPBs and this factor may 

also affect the liquid holdup and liquid dispersion performance. Figure 4-11(b) shows 

the liquid holdup with different porosity under the liquid flow rate of 23 cm3/s. From 

Figure 4-11(b), it can be observed that the liquid holdup decreases with the decreasing 

in the packing porosity. Reducing the packing porosity means that more wire mesh is 

stacked and occupied in the packing region, thus the fraction of the liquid volume 

(liquid holdup) would be smaller according to Equation (3-2).  
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Figure 4-11 The effect of the (a) rotational speed; and (b) packing porosity on the 

liquid holdup. 

4.3.3.3 Effect of the nozzle size and number of nozzles  

The nozzle size and the number of nozzles are very important for the initial liquid 

distribution and dispersion [38]. Thus, Figures 4-12(a), 4-12(b) and 4-12(c) show the 

effect of the nozzle (axial) length, nozzle width, and number of nozzle(s) on the liquid 

holdup under the same liquid flow rate and rotational speed of 43 cm3/s and 500 rpm, 

respectively. In particular, the effect of the nozzle length on the liquid holdup has been 

rarely studied due to the limitation of the 2D model [38]. However, it can be studied by 

using the 3D model and its effect on the dispersion force has been investigated.  

From Figure 4-12(a), with the increase in the nozzle length, the liquid jet velocity 

reduces and the liquid holdup distributes more uniformly in the packing region, 

especially in the axial direction [183]. As a result, the liquid holdup in the packing 

region increases. In addition, as the nozzle length increases, the effect of the liquid 

dispersion force on the liquid holdup becomes weaker and this is due to two reasons. 
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The first reason is the small spatial gradient in the liquid holdup in the packing region 

that results from the more uniform liquid distribution. The second is that the smaller 

liquid jet velocity leads to a smaller drift velocity, and the drift velocity is proportional 

to the mechanical dispersion force. However, the second reason is not the main reason, 

and this is because the liquid jet velocity would substantially reduce after entering the 

packing so that it is only significant within a small entrance region although the initial 

impact on the packing, and thus the dispersion, is still important. 

From Figure 4-12(b), the liquid holdup increases slightly with the increase in the nozzle 

width. The reason is that increasing the nozzle width not only reduces the liquid jet 

velocity, but also increases the liquid jet area in the horizontal direction, which could 

increase the liquid holdup. However, the flow in the packing is influenced more by the 

centrifugal force than the initial liquid jet velocity and jet area. Therefore, the increase 

of the liquid holdup is very limited. In addition, the slight increase in the liquid holdup 

results in almost no change in the spatial gradient of the liquid holdup. Therefore, the 

nozzle width has little effect on the liquid dispersion performance. In addition, it is 

noted that this conclusion is in contrast to that reported in the work of Zhang et al. [38], 

where the liquid holdup increases significantly when the width of the nozzle increases. 

The possible reason is that Zhang et al. [38] used a stationary packing and there is no 

centrifugal force generated when the liquid passes through the stationary wire mesh.  

It can be seen, from Figure 4-12(c), that the liquid holdup increases when the number 

of nozzles increases. When the number of nozzles increases from one to two and four, 

the increases in the liquid holdup are 5.3% and 8.0%, respectively. This indicates that 

the number of the nozzles has a larger influence on the liquid holdup when the number 
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of nozzles is small. Taking the symmetrical cross-sectional plane as an example, Figure 

4-13 shows the distribution of the liquid holdup on this surface. It can be seen that the 

increasing the number of nozzles could improve the liquid distribution in the radial and 

circumferential directions. The more uniform is the liquid distribution then this leads to 

a slightly lower spatial gradient of the liquid volume fraction. Therefore, the relative 

increase in the liquid holdup reduces slightly with the further increasing number of 

nozzles.  

When compared with Figures 4-12(a) - 4-12(c), it is noted that the liquid holdup is 

relatively sensitive to the nozzle length and number of nozzles rather than the nozzle 

width. Therefore, employing a longer nozzle length can increase the liquid holdup, 

while increasing the number of nozzles could lead to a more uniform liquid distribution, 

which may be good for the mass transfer performance.  
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Figure 4-12 The effect of the (a) nozzle length; (b) nozzle width; and (c) number of 

nozzles, on the liquid holdup. 
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Figure 4-13 The distribution of the liquid holdup on the symmetric cross-sectional 

surface. 

4.4 Comments on the time efficacy of the new Eulerian model  

All the simulations presented in this chapter have been performed using a PC with an 

Intel Core i7-7700k CPU and 8 processors. In general, it takes only 0.5-3 h depending 

on the rotational speed simulated to finish a full analysis of the 3D RPB. It should be 

noted that, in a 2D RPB model that is established based on the same experimental rig, 

a 0.87 M grid is chosen to investigate the flow characteristics when using the VOF 

method [28] compared with only about a 0.05 M grid being required for the 3D 

simulation that has been performed in the present work. It is clear that a considerable 

amount of time and resource can be saved when using the Eulerian method.  

4.5 Conclusions 

The overall aim of this work is to develop an efficient and accurate modelling approach 

that can be practically used for the modelling of the physical and chemical processes 

occurring in a full scale rotational packed bed in the future. The specific objectives of 

this chapter are to investigate the liquid dispersion in the packing region, and how to 

accurately model the effects in a RPB. In this chapter, a novel 3D Eulerian porous 
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medium RPB model has been applied using the CFD software package FLUENT, 

coupled with the interfacial, drag and dispersion force models, as well as the effective 

interfacial area model. The influence of the dispersion forces on the liquid holdup was 

investigated and the sensitivity of the CFD predictions on the dispersion model 

employed, together with the influence of the design and operational parameters such 

as the rotational speed, liquid flow rate, etc. have been critically analyzed. Some of the 

main findings are as follows: (i) the porous medium model with the Eulerian method 

was successfully used to model the fluid dynamics and liquid dispersion in a 3D RPB. 

Using this model we can substantially reduce the computational time and efforts; (ii) 

the new form of the porous resistance model employed for two-phase flows (see 

Section 3.3.1) could accurately predict the porous resistance in the packing; (iii) the 

correlation for the gas-liquid effective interfacial area developed in Section 3.5.1 could 

fit the non-uniform flow and the distribution of the fractional effective interfacial area 

(𝑓𝑒) is consistent with the reality. The effective interfacial area is larger where the liquid 

holdup is higher. In addition, the use of the developed 𝑓𝑒  would make the porous 

medium model more accurate; and (iv) the dispersion force models, for the first time, 

were employed into the model to simulate the liquid dispersion in a complete packing 

region in 3D. In the 3D model coupled with the dispersion force models, the effect of 

liquid dispersion on the liquid holdup could be quantified and more accurate liquid 

flow performance was achieved. 

The simulation results show that the effect of the capillary pressure and mechanical 

dispersion forces on the liquid holdup are important to consider but showed different 

levels of significance with different liquid nozzle lengths. The effect of the capillary 
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pressure force and mechanical dispersion force on the liquid holdup are similar when 

the nozzle length is 15 mm. While when the nozzle length is 7.5 mm, the liquid 

dispersion in this RPB model is dominated by the mechanical dispersion and the spread 

factor is a very sensitive quantity. With the liquid flow rate increasing, the influence of 

the dispersion force on the liquid holdup are different under different rotational speeds. 

The effect of the dispersion force on the liquid holdup is almost the same with different 

nozzle widths and packing porosity. In addition, increasing the number of the liquid 

nozzles from 1-4 could improve the liquid distribution and liquid holdup in the packing 

region substantially. However, further increasing the number of nozzles tends to be 

less effective. Overall, the method proposed and employed in this chapter paves the 

way for much more efficient simulations of full 3D RPBs in the next chapter. 
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CHAPTER 5 : CO2 CAPTURE IN AN ENTIRE 3D 

RPB MODEL USING AN EULERIAN POROUS 

MEDIUM APPROACH 

Summary  

This chapter develops a new, feasible and effective approach to investigate the CO2 

capture processes in an entire RPB.  A full 3D CFD model, including the packing and 

the inner and outer cavity zones, has been established by employing the Eulerian porous 

medium method. In addition, various sub-models, including the models of the effective 

interfacial area, drag force, interfacial force, heat transfer, mass transfer, etc., have 

been introduced for exploring the hydrodynamics, thermodynamics, and reaction-

enhanced mass transfer processes in the packing and outer cavity zones. The CO2 

capture performance in the packing and outer cavity zones has been quantitatively 

analyzed under different operating conditions. The simulation results show good 

agreement with the experimental data, and the contribution of the outer cavity zone to 

the CO2 capture of the RPB is in the range of 28%~42%. This work provides a new 

approach to efficiently and comprehensively simulate the mass transfer process in the 

RPB. 
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5.1 Introduction 

The RPB has the potential to enhance the CO2 capture performance and reduce the 

packed bed size by applying a high centrifugal force (100-1000 times gravity) [63]. The 

CO2 capture processes in the RPB is complex since the flow dynamics, thermodynamics 

and mass transfer could affect each other. In addition, the flow characteristics and mass 

transfer in the rotating packing (with a large specific area) are quite different from those 

in the static outer cavity zone (with a large empty space). Although a few investigations 

have studied the CO2 capture process in the RPB, they only focus on the packing region 

instead of the entire RPB, which also includes the outer cavity zone with a large volume. 

In the experimental investigations, it has been reported that the mass transfer area and 

mass transfer of the outer cavity zone could be up to 30% and 13-25% of the overall 

mass transfer area and total mass transfer in the entire RPB, respectively [42-45]. 

Therefore, the CO2 absorption in the outer cavity zone is important to be investigated.  

However, the flow characteristics in the packing and outer cavity zones are quite 

different, thus, the sub-models for the forces (Sections 3.3 and 3.4), the effective 

interfacial area (Section 3.5) and the liquid droplet diameter (Sections 3.5.2 and 3.8) 

should be separately employed. Also, the reaction-enhancement mass transfer and heat 

transfer models (Section 3.6-Section 3.8) were employed in order to examine the mass 

transfer and heat transfer processes within the RPB. The sub-models employed in this 

chapter have been illustrated in a flowchart in Section 3.9. On this basis, a 

comprehensive 3D RPB model, including the packing, inner and outer cavity zones, 

was built based on a practical pilot-scale RPB coupled with the above-mentioned sub-

models. The overall volumetric mass transfer coefficient (𝐾𝐿𝑎𝑒 ) and liquid outlet 
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temperature under various operating conditions were analysed. Furthermore, the ratio 

of the CO2 capture performance in the packing zone and outer cavity zone was 

quantitatively investigated.  

5.2 CFD modelling 

5.2.1 Geometry of the RPB 

In order to establish and validate the 3D RPB model, the detailed information of the 

experimental rig and quality experimental results are required. Among all the published 

experimental works on RPBs, the Kolawole’s experimental data [161] is suitable to be 

the comparison data and the RPB model is established  based on the experimental rig 

mentioned in Kolawole’s thesis. This RPB rig was a pilot-scale counter-current RPB. 

The CO2 capture process was studied in this vertical-oriented RPB using the MEA 

solution. The RPB was operated under different conditions, including the rotational 

speed, liquid-gas (L/G) mass flow ratios and MEA concentration. In addition, the 

overall volumetric mass transfer coefficient, CO2 capture efficiency, liquid outlet 

temperature, etc., were obtained. The important information of the operating conditions 

is shown in Table 5-1 [161].  
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Table 5-1 The operational conditions of the experiments [161]. 

MEA concentration 

(wt%) 
Rotational speed (rpm) L/G mass ratio  

30 600 2.7 

30 600 3.1 

30 600 3.5 

30 850 2.7 

30 850 3.1 

30 850 3.5 

30 1150 2.7 

30 1150 3.1 

30 1150 3.5 

50 600 1.8 

50 600 2.1 

50 600 2.4 

50 850 1.8 

50 850 2.1 

50 850 2.4 

50 1150 1.8 

50 1150 2.1 

50 1150 2.4 

70 600 1.3 

70 600 1.5 

70 600 1.7 

70 850 1.3 

70 850 1.5 

70 850 1.7 

70 1150 1.3 

70 1150 1.5 

70 1150 1.7 
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Therefore, the advantages for selecting the Kolawole’s experimental data are: (i) the 

relative detailed operating conditions and dimensions of the RPB have been offered, 

especially the size of the packing and outer cavity zones. (ii) The CO2 capture 

performance with different operational conditions is analyzed by various indexes, 

including the overall mass transfer coefficient, the liquid and gas phase temperatures at 

the outlets, etc., which could help to validate the simulation results. And (iii) the 

experimental data has been presented in the published paper [184] and previously 

utilized by Lu et al. [6] for verifying their models, thus meaning that the experimental 

data is reliable. In the Kolawole experimental work, the CO2 capture performance has 

been investigated under various rotational speeds, MEA concentration, etc., and the 

CO2 capture rate and the outlet temperature have been achieved. However, no 

experimental data related to the flow characteristics (i.e. liquid holdup) has been shown 

in the thesis [161], thus, the flow dynamics obtained by the experiment and simulation 

are not compared in this work.  

The 3D RPB geometry has been reproduced in Figure 5-1 according to the experimental 

rig [161]. The inner diameter, outer diameter and height of the wire mesh packing are 

80, 300 and 20 mm, respectively, and it is made from stainless steel with an expanded 

mesh grade 707. The void fraction and specific area of the packing are 0.801 and 663 

m2/m3, respectively. The diameter and the estimated height of the RPB casing are 360 

and 180 mm, respectively and the space ratio of the outer cavity zone to the packing 

zone is about 11. There are two gas inlet tubes and one liquid inlet tube with diameters 

of 60 and 14 mm, respectively. In order to make the mesh in the outer cavity hexahedral 

and further reduce the mesh number, the shape of the gas inlet tubes and one liquid inlet 
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tube is simplified to be a rectangle but with the same flow cross-sectional area. In 

addition, a gas outlet tube is outside the liquid inlet tube with a diameter being 40 mm. 

A 2-arm liquid distributor is used, and its length and diameter are 22.4 and 7 mm, 

respectively. In Figure 5-1, only two liquid nozzle outlet holes are presented. In order 

to save computational time, the liquid flows passing through the liquid inlet tube and 

2-arm liquid distributor has not been modelled. Initially, a liquid pressure outlet 

boundary was built at the bottom of the RPB to ensure that the liquid phase flows out 

from the RPB. However, after the simulation, we found that a large amount of the gas 

phase would flow out from this boundary at the same time. Thus, an elimination zone 

is employed at the bottom of the RPB to remove the liquid phase but to retain the gas 

phase, and the appropriate source equations for this zone can be found in Section 3.2 

[6].  

 

Figure 5-1 Schematic diagram of the 3D RPB (1, gas outlet; 2, case; 3, gas inlet; 4, 

liquid elimination zone; 5, liquid inlet; 6, outer cavity zone; 7, packing zone; 8, inner 

cavity zone). 

5.2.2 Assumptions for the model 

The main assumptions of the RPB model are as follows:  
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(i) The wire mesh packed bed is a homogenous porous medium. 

(ii) The gas is incompressible. 

(iii) The pressure field is shared by the gas and liquid phases. 

(iv)  The liquid phase exists in the form of the film and droplets in the packing and 

outer cavity zone. 

(v) The casing wall is adiabatic. 

5.2.3 Properties of the fluids and boundary conditions 

The gas phase comprises 12% CO2 and 88% air. It is assumed that the gas phase consists 

only of CO2, N2, and O2, and the component mole concentrations are detailed in Table 

5-2. The liquid phase is the MEA solution with a CO2 preloading of 0.1 mol CO2/ mol 

MEA before injection into the RPB, but the preloaded CO2 is then assumed to undergo 

a reaction with the MEA component, leading to the formation of MEAH+ and 

MEACOO- in the solutions. Thus, the liquid phase is composed of MEA 

(HOC2H4NH2 ), MEAH+ (HOC2H4NH3
+ ), MEACOO- (HOC2H4NHCOO

− ) and water, 

and their mass concentrations are listed in Table 5-3. The correlations of the surface 

tension and viscosity for the MEA solution are present in Table 5-4 [185, 186]. In 

addition, the liquid density, thermal conductivity and specific heat of the two phases are 

evaluated by the mixing law based on every species in each phase.  

Table 5-2 The mole fraction of each component in the gas phase. 

CO2 N2 O2 

0.12  0.6952 0.1848 
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Table 5-3 The mass fraction of each component in the MEA solutions. 

MEA  

concentration 

MEA 

HOC2H4NH2 

MEAH+ 

HOC2H4NH3
+ 

MEACOO- 

HOC2H4NHCOO
− 

H2O  

30% MEA  0.2349 0.0298 0.0501 0.6852 

50% MEA 0.3861 0.0491 0.0823 0.4826 

70% MEA 0.5331 0.0677 0.1136 0.2856 

Table 5-4 The viscosity and surface tension of the MEA solutions [185, 186]. 

Liquid 

properties 
Equation 

Numb

er 
Reference 

Viscosity 

of the 

MEA 

solution 

𝜇0.3 = 0.3083 − 0.00262𝑇 + 7.4882 × 10−6𝑇2

− 7.17293 × 10−9𝑇3 

𝜇0.5 = 0.7963 − 0.006744𝑇 + 1.915 × 10−5𝑇2

− 1.821 × 10−8𝑇3 

𝜇0.7 = 2.398 − 0.02056𝑇 + 5.897 × 10
−5𝑇2

− 5.657 × 10−7𝑇3 

T-5-1 [185] 

Surface 

tension of 

the MEA 

solution 

𝜎𝐻2𝑂

= 0.18548(1

−
𝑇

647.13
)(2.717+3.554(

𝑇
647.13

)+2.047(
𝑇

647.13
)
2
)
 

T-5-2 

[186] 𝜎𝑀𝐸𝐴 = 0.09945(1 −
𝑇

614.45
)(1.067) T-5-3 

𝜎𝐿

= 𝜎𝑀𝐸𝐴

+
2.129(1 − 𝑦𝑀𝐸𝐴)

(1 + (2.129 − (1 − 𝑦𝑀𝐸𝐴)))(𝜎𝐻2𝑂 − 𝜎𝑀𝐸𝐴)
 

T-5-4 

In the experiment conducted by Kolawole [161], all MEA solutions were preloaded to 

0.1 mol CO2/mol MEA before the MEA solution was fed into the RPB. The same MEA 
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loading is employed in the CFD model. The gas flow rate is fixed at 42 kg/h with an 

inlet temperature of 40 °C according to the experimental settings and the gas outlet 

boundary is set as the pressure-outlet with a zero gauge pressure. In terms of the reverse 

flow at the gas outlet boundary, the CO2 fraction on the inner packing surface is used 

as the CO2 fraction in the gas outlet, which has been performed iteratively. In addition, 

different L/G mass ratios, e.g. L/G = 2.7, 3.1, 3.5 for 30% MEA, are tested in the model. 

Accordingly, the liquid inlet velocity ranges from 0.20 to 0.54 m/s with a temperature 

fixed at 40 °C and the liquid disappears after entering the liquid elimination zone. The 

species and their concentrations in the gas and liquid phases are presented in Table 5-2 

and Table 5-3, respectively. The gravity force is set as 9.8 m/s2 and in the -Y direction. 

The packing material is steel, with specific area and porosity values of 663 m²/m³ and 

0.801, respectively. The rotating speeds employed in the experiment, including 600, 

850 and 1150 rpm are used in the simulations. The sliding model has been performed 

to achieve the motion of the packing. The wall boundaries have been set as no slip and 

adiabatic.  

5.2.4 Solution procedure  

The 3D transient simulations have been performed using the ANSYS Fluent 2021 R1 

in a double precision mode based on the High Performance Computing cluster in the 

University of Sheffield. The governing equations of the mass, momentum, energy and 

species were solved to investigate the hydrodynamics, thermodynamics and mass 

transfer in the RPB. The UDF has been developed for defining the properties of the 

MEA solution, implementing the extra forces in the momentum equations, and 

calculating the transferred CO2 in the mass equations, etc. The equilibrium thermal 
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model was selected to calculate the heat transfer between the fluid and solid phases in 

the porous medium zone. The Phase Coupled SIMPLE method was applied, and the 

pressure equations were discretized by the second-order scheme. The pressure-based 

method and the absolute velocity formulation have been utilized. The time step was set 

as 5×10-4 s, and a maximum of 35 iterations was employed per time step, and the 

convergence tolerance was 1×10-5. The simulation case can be assumed to be the pseudo 

steady state when the CO2 concentration at the gas outlet and the liquid outlet 

temperature were reduced to within 0.1% in ten seconds, and the governing equations’ 

residuals were less than 5×10-5. Particularly, the energy residual was less than 5×10-7. 

For the RPB model, the realizable 𝑘 − 𝜀 turbulence model is more suitable for the RPB 

than the standard 𝑘 − 𝜀  model, and the reasons have been illustrated in last chapter 

[140].  

5.2.5 Grid independence 

Figure 5-2(a) shows the outside and inside mesh layouts of the 3D pilot-scale RPB 

model generated by the ANSYS Mesh. In addition to the packing region, the flow 

characteristics change evidently in the middle of the outer cavity zone and the inner 

cavity zone, the meshes in these areas are finer compared with the top and bottom cavity 

zones. To reduce the number of cells and improve the calculation accuracy [53], the 

structured hexahedral grids were generated in the whole RPB except in the inner cavity 

zone. Various numbers of the grid cell were tested with total cells of 0.16 M, 0.26 M, 

0.42 M and 0.76 M in order to obtain a mesh independent solution, which is shown in 

Figure 5-2(b). According to Figure 5-2(b), after a grid of 0.42 M cells is employed, the 

CO2 capture rate and liquid outlet temperature reached a stable solution. Therefore, the 
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grid of 0.42 M cells, including 0.05 M cells in the packing zone and 0.28 M cells in the 

outer cavity zone, was applied. The minimum and largest mesh volumes are 1.4×10-10 

and 3.3×10-7 m-3, respectively, and the average skewness and element quality are 0.11 

and 0.85, respectively. 
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(a) (b) 

Figure 5-2 (a) Schematic of the mesh in the 3D model and (b) predicted CO2 capture 

rate and liquid outlet temperature using different grids. 

5.3 Results and discussion 

In order to validate the CFD model developed, 27 simulation cases have been 

compared with various experimental cases based on the operating conditions shown in 

Table 5-1, and all the major variables have been critically analyzed. After that, the 

effects of various operational parameters on the mass transfer process have been 

investigated. In addition, the ratio of the CO2 captured in the outer cavity zone to that 

in the entire RPB has been investigated.  

5.3.1 Validation and the distribution of variables 

For validating the developed 3D RPB model, the obtained CO2 mole fraction in the gas 

outlet and the liquid temperature at the liquid outlet, which could reflect the mass and 

heat transfer performance, are compared with the experimental results in the Kolawole 
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thesis [161]. The important operating conditions are listed in Table 5-1. Although the 

flow dynamics may be compared via the liquid holdup, unfortunately, this parameter 

has not been measured in the experimental investigation.  

Figure 5-3 presents a comparison of the CO2 fractions in the gas outlet and the liquid 

outlet temperatures obtained from the experiments and simulations under various 

operating conditions, including the MEA concentration, rotational speed and the L/G 

mass ratio. From Figure 5-3(a), it is observed that all relative deviations of the CO2 

mole fraction are within 15%. In addition, the CO2 fraction for the 50% MEA solution 

has a better agreement with the experimental data, whose relative deviations are less 

than 6%. According to Figure 5-3(b), most of the relative deviations of the liquid outlet 

temperature are less than 10% and only a few points for the 70% MEA solution with a 

lower rotational speed of 600 rpm are larger than 10%. The difference between the 

simulations and experimental results may mainly result from the difficulties and 

uncertainties in measuring the variables since the experiments have been conducted in 

a relatively small reactor [6]. In addition, the employed empirical correlations may not 

be suitable for this RPB model since these correlations were derived from different RPB 

sizes, operating conditions, etc. For example, the correlation for the liquid droplet 

diameter in the packing and outer cavity zones does not account for the influence of the 

packing properties and structure, including the number of layers and shape of the wire 

mesh, which may lead to an inaccurate prediction for the heat transfer, as evident in 

Equations (3-42) and (3-62). This discrepancy may account for the higher predicted 

liquid outlet temperature observed in Figure 5-5(b). Also, the phase properties, such as 

the surface tension and viscosity of the MEA solution, might become challenging to 
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accurately evaluate using the corresponding correlations as the temperature and CO2 

loading increase. It can be found that the average absolute relative deviations in the CO2 

fraction and liquid outlet temperature are smaller than 7% and 6%, respectively, thus 

indicating that the effective interfacial area, mass and heat transfer models could 

describe the thermodynamics and mass transfer processes within the RPB. Furthermore, 

the same sub-models, such as the hydrodynamics, including the interfacial, drag, 

capillary pressure and mechanical dispersion force models, have been verified in the 

previous model that was derived in Chapter 4 using a smaller RPB model. Therefore, it 

can be concluded that the developed 3D RPB model gives a good match to the 

experimental results, and, with confidence, it can be employed to investigate the CO2 

capture process within this RPB. It should be noted that although the overall CFD 

results agree with the experimental data for this RPB, further validation may be required 

when applying the sub-models to other RPBs, in particular when different packings are 

employed. 

  

(a) (b) 

Figure 5-3 Comparison of the (a) CO2 mole fraction in the gas outlet; (b) liquid outlet 

temperature [161]. 
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In addition, the distributions of some important variables are presented in order to 

analyze the hydrodynamics, thermodynamics, and reaction-enhancement mass transfer 

within the RPB. Figure 5-4 presents the predicted variables for the MEA solutions with 

the lowest (30%) and highest (70%) concentrations. Also, the cases are performed with 

the rotational speed being 850 rpm and the L/G ratios being 3.1 and 1.5 for 30% and 

70% MEA solutions, respectively, whose relative deviations are relatively small as 

shown in Figure 5-3. Since the vectors of the gas and liquid velocities are similar for 

the 30% and 70% MEA solution, only the vectors for the 30% MEA solution in half of 

the RPB cut from the central plane is presented in Figures 5-4(a) and 5-4(b) in order to 

observe them clearly. Figure 5-4(a) shows that the liquid flows tangentially due to the 

interaction with the packing and its velocity gradually increases on the way outwards 

through the packing. Near the outer packing surface, the liquid velocity reaches a 

maximum and then the liquid velocity suddenly reduces in the outer cavity zone due to 

the interfacial force between the gas and liquid phases. In addition, the liquid also 

rotates with a small velocity in the bottom outer cavity zone. From Figure 5-4(b), it is 

observed that the gas phase that radially flows from the gas inlet, begins to rotate after 

entering the outer cavity zone under the effect of the rotational packing. Its motion is 

in rapid synchronization with the rotating packing in the outer packing zone and it reacts 

with the MEA solution when passing through the packing region. It is worth mentioning 

that although the vectors of the phase velocity in Figures 5-4(a) and 5-4(b) look very 

similar, the radial flow directions of the gas and liquid phases are in the opposite 

directions. 

In order to clearly observe the liquid holdup in the packing region, the maximum value 



Chapter 5 
 

 

127 

 

of the scale in Figure 5-4(c) is set as 0.1 instead of 1.0. According to Figure 5-4(c), it is 

observed that the liquid holdup gradually reduces along the radial direction in the 

packing zone and this is due to the increasing flow space. Although the liquid holdup 

data is not available in the Kolawole’s thesis, this phenomenon has been accurately 

predicted by other simulation and experimental investigators [34, 60]. After flowing out 

from the packing region, the liquid radial velocity suddenly increases without the 

restriction of the porous resistance, thus causing the liquid fraction to become quite 

small in the outer cavity zone. Subsequently, the liquid droplets collide on the casing 

wall and flow downwards under the influence of the gravitational force. Thus, the liquid 

with a higher volume fraction may be observed on the casing wall surface.  

Also, it can be found that the liquid holdup for the 30% MEA solution is clearly larger 

than that for the 70% MEA solutions as the ratio of the liquid flow rate for 30% to 70% 

MEA is 2.1. However, the ratio of the liquid holdup in the packing regions for 30% to 

70% MEA is about 1.6, which is smaller than the ratio of the liquid flow rate of 2.1, 

meaning that the 70% MEA solution in more likely retain in the packing region. Due to 

the higher viscosity of the 70% MEA solution, the thickness of the liquid film increases 

and the velocity of the liquid flow decreases [31]. As a result, the effective interfacial 

area for the 30% MEA solution is larger, see Figure 5-4(d), since more liquid is attached 

to the wire mesh packing surface, or it is split into numerous small droplets in the 

packing zone [63, 64]. This means that the contact area between the gas and liquid 

phases is larger, thus indicating that the 30% MEA solution has more chance to interact 

with the CO2. 

Although the liquid holdup and contact area are larger for the 30% MEA solution 
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resulting from the larger liquid flow rate, the CO2 fraction in the gas outlet is higher 

and this may be seen by comparing the two illustrations in Figures 5-4(e) and 5-4(g). 

This is because the CO2 capture performance is not only related to the liquid holdup 

and contact area, but also it is affected by some other parameters, such as the MEA 

concentration, liquid temperature and residence time. Clearly the MEA concentration 

is the dominant factor in determining the CO2 capture process. For the CO2-MEA 

absorption system, the heat will be released when the CO2 is captured in the MEA 

solution, thus leading to an increasing liquid temperature. Simultaneously, some heat is 

taken away by the opposing gas flow via the heat transfer and the rest of the heat 

remains in the liquid phase. This could be the reason why the liquid temperature for the 

70% MEA solution is higher than that for the 30% MEA solution, see Figures 5-4(f) 

and 5-4(h), because more active MEA participates in the reaction and releases more 

heat to the already smaller flow rate of the liquid phase [187]. This phenomenon is 

clearer in the top and bottom outer cavity zones, where the liquid fraction is quite low 

and the liquid temperature could be even up to 89 °C. In return, the chemical reaction 

is faster when the phase temperature is higher. In addition, the phase temperature could 

also influence the physical properties, including the viscosity and density, which further 

has an impact on the flow dynamics, such as the liquid holdup and residence time. Thus, 

this indicates that the liquid holdup, CO2 capture rate, and liquid temperature could 

affect each other in this system. The predicted variables can be made accurate and stable 

only when all the parameters related to the flow dynamics, mass and heat transfer are 

set properly and these processes reach a balance within the whole RPB.  
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

 

(g) (h) 

Figure 5-4 Vectors of the (a) liquid velocity; (b) gas velocity; contours of the (c) 

liquid holdup; (d) effective interfacial area on the planes z = 0.01; (e) CO2 fraction in 

the gas phase; (f) liquid temperature on the planes on the planes z = 0.01; (g) CO2 
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fraction in the gas phase; and (h) liquid temperature on the planes y=0 for 30% and 

70 % MEA. 

5.3.2 Mass transfer in different zones in the RPB 

As we know, the CO2 absorption within a RPB mainly occurs in two zones: packing 

and outer cavity zones. Based on the newly developed 3D entire RPB model, the CO2 

capture process in the packing and outer cavity zones is separately analyzed by using 

the CFD method. 

Taking the 50% MEA solution with a L/G ratio of 2.1 in Section 5.3.1 as an example, 

Figures 5-5(a), 5-5(b) and 5-5(c) show the circumferentially averaged liquid holdup 

and effective interfacial area (per unit, m2/m3), liquid velocity, as well as the CO2 mole 

fraction in the gas phase and the liquid temperature along the radial direction, 

respectively. For 𝑟𝑖 ≤ 𝑟 ≤ 𝑟𝑜, these parameters are only circumferentially averaged in 

the packing region rather than including the top and bottom cavity zones. When flowing 

into the inner packing zone, with a radial velocity only, the liquid violently collides with 

the rotational packing and it is quickly dispersed, thus generating numerous very small 

tiny droplets, or forming thin films on the wire mesh surface. Due to the small flow 

space in the inner periphery of the packing, a large effective interfacial area could be 

observed in Figure 5-5(a), which is defined as the “end-effect zone” - a zone where 

excellent micromixing occurs due to the strong interaction and liquid dispersion [13, 

188]. Although the phase surface renewal is fast and the effective interfacial area 

(m2/m3) is large in the end-effect zone, the physical mass transfer area (m2) is small 

because the volume of this zone is too small. In addition, the liquid temperature and 

local CO2 fraction in the gas phase flow are relatively low in this zone. As a result, a 
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sharp decrease in the CO2 fraction is not observed in Figure 5-5(c).  

Soon after entering the bulk of the packing zone, the liquid starts to synchronize with 

the rotating packing, and its tangential velocity almost coincides with the packing 

rotational velocity in Figure 5-5(b). Consequently, the liquid dispersion is relatively 

weak, thus the effective interfacial area decreases along with the radial position in 

Figure 5-5(a) [18]. Since smaller droplets and thinner film are formed in this region, 

the liquid radial velocity gradually decreases due to the larger interfacial and drag forces, 

which is shown in Figure 5-5(b). In this packing region, most of the CO2 is captured 

and a large amount of heat is released, and this is due to the large contact area and the 

enhanced surface renewal of the phases [14]. Therefore, the CO2 fraction in the gas 

phase reduces and the liquid temperature increases on their way through the packing as 

shown in Figure 5-5(c).  

After flowing out from the outer edge of the packing, the liquid droplets with large 

velocity pass through the cavity space, causing a sudden decrease in the effective 

interfacial area and liquid holdup as shown in Figure 5-5(a). Despite the relatively low 

average effective interfacial area (m2/m3) in the outer cavity zone, the volume of this 

zone (m3) is large. Therefore, the gas-liquid contact area (m2) within the zone is 

substantial, and the contribution of the outer cavity zone to the total mass transfer can 

still reach 34%. Without the interaction with the packing, the liquid flow direction is 

almost unchanged in the outer cavity space, thus causing the liquid radial velocity 

component to increase and the tangential velocity component to decrease as shown in 

Figure 5-5(b). As a result, the difference between the gas and liquid radial velocity 

increases, which leads to an increase in the interfacial force between the two phases and 
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a decrease in the total liquid velocity. In addition, an increase in the liquid temperature 

can be observed in Figure 5-5(c) due to the high liquid temperature in the top and 

bottom regions of the outer cavity zone (see Figure 5-4(f)). Then the liquid droplets 

collide on the inner casing wall, generating the liquid film and a large number of 

splashing droplets [42]. These phenomena have been modelled well with a steep 

increase in the liquid holdup and effective interfacial area, see Figure 5-5(a). The liquid 

film on the casing wall reacts with the CO2, releasing reaction heat into the liquid phase. 

However, due to the smaller area available for gas-liquid heat transfer compared to the 

liquid droplets, more heat remains in the liquid phase. As a result, there is another sharp 

increase in the liquid temperature near the casing wall, as shown in Figure 5(c). 

In general, the outer cavity zone's volume is much larger than the packing region. For 

instance, the volume of the outer cavity zone to the packing region is about 11 for the 

present employed RPB model. However, most of the CO2 is captured in the packing 

region instead of the outer cavity zone, which means that the larger the volume of the 

packing occupied in the fixed entire RPB, the more effective is the CO2 absorption.  

Based on the validation cases under various operating conditions shown in Figure 5-3, 

it is found that the outer cavity zone takes up 25%~40% of the total mass transfer area 

and the effect of the outer cavity zone on the mass transfer could range from 28% to 

42% for this case study. From the wide range of the contribution of the mass transfer 

and mass transfer area in the outer cavity zone, it is known that the CO2 capture process 

in the packing and outer cavity zones are quite different under various operating 

conditions. With the aim of providing some useful and important suggestions for RPB 

design and scaling up, the contribution of the CO2 removal and mass transfer area in 



Chapter 5 
 

 

133 

 

different zones has been investigated, which is presented in the following section.  
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Figure 5-5 The circumferentially averaged (a) liquid holdup and effective interfacial 

area; (b) liquid and rotating packing velocities and (c) CO2 mole fraction in the gas 

phase and liquid temperature along the radial direction. 

5.3.3 Effect of the operating parameters 

Among the three MEA concentrations investigated, the relative deviation of the CO2 

fraction in the gas outlet between the experiment and simulation for the 50% MEA 

solution is small, as discussed in Section 5.3.1. Thus, the 50% MEA solution is selected 

as the baseline case for discussion, and its operating conditions are listed in Table 5-5. 

Table 5-5 The operational conditions for the baseline case. 

MEA concentration 

(%) 

L/G 

ratio 

Rotational 

speed (rpm) 

Liquid inlet 

temperature (°C) 

Gas flow rate 

(kg/h) 

50 2.1 850 40 42 

For evaluating the CO2 absorption performance in the entire RPB, the overall 

volumetric mass transfer coefficient (𝐾𝐿𝑎𝑒), a parameter that may determine the rate at 

which a gaseous compound (CO2) can transfer from the gas phase to the MEA solution, 

is introduced along with the liquid temperature at the liquid outlet. The equation for 

𝐾𝐿𝑎𝑒 is shown in Equation (6-1).  𝐾𝐿𝑎𝑒 becomes larger when the CO2 fraction in the 
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gas outlet (𝑦𝑜,𝐶𝑂2) is lower, indicating a better CO2 capture performance.  

𝐾𝐿𝑎𝑒 =
𝑄𝐺

𝜋(𝑟𝑜2 − 𝑟𝑖
2)ℎ

ln (
𝑦𝑖,𝐶𝑂2
𝑦𝑜,𝐶𝑂2

) (6 − 1) 

The ratios of the captured CO2 (𝑟𝑐) and the mass transfer area (𝑟𝑒) in the outer cavity 

zone to those in the whole RPB are examined in order to analyze the mass transfer in 

different zones. The expression for 𝑟𝑐 and 𝑟𝑒 are given as follows: 

𝑟𝑐 =
𝑦𝑖,𝐶𝑂2 − 𝑦𝑜𝑝,𝐶𝑂2
𝑦𝑖,𝐶𝑂2 − 𝑦𝑜,𝐶𝑂2

(6 − 2) 

𝑟𝑒 =
∫ 𝑎𝑒𝑑𝑉
 

𝑂

∫ 𝑎𝑒𝑑𝑉 + ∫ 𝑎𝑒𝑑𝑉
 

𝑂

 

𝑃

(6 − 3) 

5.3.3.1 Effect of the MEA concentration 

It is known that the CO2 capture efficiency increases when using the solution with a 

higher MEA concentration. In terms of the flow dynamics, the liquid phase can lead to 

early flooding or abnormal distribution in the packing of a CPB due to the large 

viscosity of the liquid phase. However, one of the advantages of applying the RPB is 

that a higher MEA concentration solution with larger viscosity can fluently pass through 

the packing due to the higher gravitational environment.  

Figure 5-6(a) illustrates the influence of the MEA concentration on the CO2 absorption 

and thermodynamics in the RPB in terms of 𝐾𝐿𝑎𝑒 and liquid temperature at the liquid 

outlet. In this case study, the MEA concentration varies from 30 to 70% while keeping 

all the other operating conditions consistent with the base case. It can be observed that 

the magnitude of the increased 𝐾𝐿𝑎𝑒  and liquid outlet temperature significantly 

becomes larger when using a higher MEA concentration solution since the increased 
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active MEA available in the solution could remove more CO2 from the gas phase and 

more reaction heat would be generated at the same time [189]. Although the solution 

with a higher MEA concentration favors for the CO2 absorption, the greater trend for 

corrosion, degradation and foaming should be carefully considered before the PCC 

industrial application. 

Figure 5-6(b) illustrates the ratios of the CO2 capture and mass transfer area in the outer 

cavity zone to the whole RPB under the same operating conditions as Figure 5-6(a). On 

one hand, the mass transfer area mainly depends on the liquid flow rate and rotational 

speed instead of the MEA concentration. On other hand, the increasing temperature 

shown in Figure 5-6(a) affects the phase properties, such as the density and viscosity. 

As a results, the 𝑟𝑒 changes only slightly in Figure 5-6(b).  

On considering Figure 5-6(b), the liquid temperature approximately reaches the 

maximum after entering the outer cavity zone, which means that the average liquid 

temperature is relatively high in the outer cavity zone compared with that in the packing 

zone. The higher liquid temperature benefits the reaction rate. Therefore, the proportion 

of the CO2 removed in the outer cavity zone (𝑟𝑐) increases as the MEA concentration 

increases. From the above analysis, it is indicated that the higher MEA concentration 

could enhance the CO2 capture in the full RPB, and more proportions of CO2 are 

captured in the outer cavity zone. 
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(a) (b) 

Figure 5-6 The effect of the MEA concentration on (a) 𝐾𝐿𝑎𝑒 and the liquid outlet 

temperature and (b) ratio of the contribution of CO2 capture and mass transfer area in 

the outer cavity zone. 

5.3.3.2 Effect of the liquid flow rate 

For post-combustion capture using the CPB, it is reported that the liquid outlet 

temperature and CO2 capture level increase when the L/G ratio increases due to the 

larger amount of free amine molecules and the higher effective interfacial area [190]. 

However, a reduced liquid outlet temperature is observed in the RPB from the 

experimental work [161]. Therefore, it is worth exploring the difference in the CO2 

capture processes under various L/G ratios within the CPB and RPB. 

Figure 5-7(a) presents the predicted impact of the L/G ratio on 𝐾𝐿𝑎𝑒 and liquid outlet 

temperature with the L/G ratio ranging from 1.5 to 2.7 while keeping the gas flow rate 

unchanged. As the L/G ratio increases, more CO2 is captured resulting from the larger 

amount of free amine molecules and also the mass transfer resistance is reduced due to 

the enhanced gas-liquid mixing [109] and liquid film refreshing. In addition, the 
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increasing L/G ratio leads to a higher effective interfacial area. These factors increase 

𝐾𝐿𝑎𝑒, but this increase tends to slow down as L/G increases. Although the increasing 

number of tiny droplets could be generated, the increase in the effective interfacial area 

is limited at the higher range of the liquid flow rate [191]. Similarly, although more heat 

is generated as the L/G ratio increases, the heat generation is not high enough to increase 

the liquid temperature due to the large sensible heat of the liquid phase. In addition, this 

may explain the decreasing liquid outlet temperature in Figure 5-7(a), which is 

consistent with Kolawole’s experimental results [161]. This is different from that 

typically observed in a CPB because the liquid flow rate in a CPB is the dominant factor 

that could significantly increase the mass transfer area leading to the significantly 

increased mass transfer and heat generation. From the above analysis, the increased 

liquid flow rate and mass transfer area as well as the decreased liquid temperature 

together cause 𝐾𝐿𝑎𝑒 to increase more slowly [192].  

Figure 5-7(b) shows the ratios of the CO2 capture and mass transfer area in the outer 

cavity zone to the whole RPB for L/G ratio from 1.5 to 2.1. The  𝑟𝑐 and  𝑟𝑒 slightly 

change with changing the L/G ratios, but it is noted that a critical point is observed in 

Figure 5-7(b). As the L/G ratio increases from 1.5 to 2.1, more liquid concentrates in 

the outer cavity zone and the temperature in this zone is relatively higher. As a result, 

both 𝑟𝑐 and 𝑟𝑒 increase. While the L/G ratio continues to increase, the liquid turbulence 

is dominant in the packing region and the liquid temperature continues to decrease in 

the outer cavity zone. As a result, the CO2 that is captured in the packing increases, thus 

leading to a reduced value of 𝑟𝑐 and 𝑟𝑒.  
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(a) (b) 

Figure 5-7 The effect of the L/G ratio on (a) 𝐾𝐿𝑎𝑒 and liquid outlet temperature and 

(b) ratios of the contribution of CO2 capture and mass transfer area in the outer cavity 

zone. 

5.3.3.3 Effect of the rotational speed 

In the previous chapter, it was reported that the rotational speed has a considerable 

impact on the liquid holdup and liquid distribution, thus it will further affect the CO2 

capture in the RPB absorber. In addition, the rotational speed could directly affect the 

effective interfacial area and the reaction time between the liquid and gas phases. Thus, 

it is a key parameter for the PCC in a RPB. 

Figure 5-8(a) presents the impact of the rotational speed on the 𝐾𝐿𝑎𝑒, the liquid outlet 

temperature of the entire RPB and the liquid temperature at the outer packing boundary. 

Figure 5-8(b) illustrates the ratios of the CO2 captured and mass transfer area in the 

outer cavity zone to the whole RPB under various rotational speeds. As the rotational 

speed increases, the liquid holdup in the packing region reduces due to the stronger 

centrifugal force. However, more tiny liquid droplets are formed among the packing 
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region, which results in an improved effective interfacial area [140], although the 

magnitude of the improvement is very limited. On the other hand, the liquid fraction in 

the outer cavity zone becomes larger because the liquid accumulation in the outer cavity 

zone relies on the gravitational force to remove out of the RPB. In addition, more liquid 

is more likely to attach the casing wall and retain in the bottom of the casing when 

employing a higher rotational speed, which leads to a significant increase in the mass 

transfer area in the outer cavity zone. Thus, the 𝑟𝑒 in Figure 5-8(b) gradually increases 

as the rotational speed increases. In addition, the increasing mass transfer area in both 

the packing and outer cavity zones makes the 𝐾𝐿𝑎𝑒 increase as shown in Figure 5-8(a).  

From Figure 5-8(a), the liquid temperature flowing out the packing region (blue line) 

increases with the rotational speed increasing and it is always lower than the liquid 

outlet temperature (red line). However, the liquid outlet temperature reduces when the 

rotational speed increases from 600 to 850 rpm. The possible reason is that in the outer 

cavity zone, the liquid fraction increases more significantly compared with the increase 

in the mass transfer area when the rotational speed increases from 600 to 850 rpm. Also, 

the reaction heat generated in this zone at 850 rpm cannot significantly increase the 

temperature of the liquid. Therefore, the liquid outlet temperature at 850 rpm slightly 

reduces from the value at 600 rpm. 

In addition, 𝑟𝑒  increases as the rotational speed increases, thus, 𝑟𝑐  is expected to 

increase accordingly. However, 𝑟𝑐 reduces in the range of 300 to 850 rpm as observed 

in Figure 5-8(b). The possible reason is that the micromixing performance in the 

packing region improves significantly at the lower rotational speed [193]. As a result, 

the packing region captures more CO2 compared with the outer cavity zone when the 
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rotational speed increases from 300 to 850 rpm. Overall, the 𝐾𝐿𝑎𝑒 and 𝑟𝑒 increase with 

the increase in the rotational speed, and 𝑟𝑐 decreases first and then increases. 

 

(a) (b) 

Figure 5-8 The effect of the rotational speed on the (a) 𝐾𝐿𝑎𝑒 and liquid temperatures 

at the liquid outlet and outer packing boundary and (b) ratios of the contribution of 

CO2 capture and mass transfer area in the outer cavity zone. 

5.4 Conclusions 

This chapter has established a new and important full 3D RPB model using the Eulerian 

porous medium approach, and the physical and chemical processes occurring in the 

packing and outer cavity zone of a pilot scale RPB have been modelled. The overall 

CFD results agree with the experimental data. Nonetheless, further validation may be 

required when applying the sub-models to other RPBs, in particular when different 

packings are employed. The main findings of this chapter are as follows:  

(i) A new completed 3D Eulerian porous medium RPB model was established 

based on a pilot scale RPB model. By using the Eulerian porous medium 

modelling method, the CO2 absorption performance within a whole RPB could 
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be effectively investigated due to the significantly reduced computational cost. 

(ii) The force, effective interfacial area, heat transfer, mass transfer models were 

coupled with the Eulerian RPB model, thus, the hydrodynamics, 

thermodynamics and mass transfer processes could be thoroughly analyzed. 

(iii) The effective interfacial area, force and even liquid droplet diameter models 

were introduced separately for the packing region and the outer cavity zone for 

predicting the CO2 capture performance inside the full RPB, and the CO2 

absorption processes in these zones were quantitatively evaluated under various 

operating conditions by the CFD method for the first time. 

The predicted simulation results are in good agreement with the experimental data by 

comparing the CO2 fraction in the gas outlet and liquid outlet temperature. In addition, 

the end-effect zone is observed near the inner packing region where a strong 

micromixing occurs due to the liquid dispersion and strong interaction between the 

liquid and packing. However, the amount of the CO2 transferred between the phases is 

small in the end-effect zone due to the small local CO2 fraction in the gas phase and 

the low liquid temperature. 

The outer cavity zone has an effect on the CO2 capture inside the RPB. The 

contributions of the outer cavity zone to the total mass transfer area and CO2 capture 

are in the ranges of 25%~40% and 28%~42%, respectively, in the RPB investigated in 

this work. However, of course, these values may be different for different designs. Also, 

the simulation results show that the CO2 captured in the outer cavity zone becomes 

more as the MEA concentration increases, however, the MEA concentrations have little 
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effect on the ratio of the mass transfer area in the outer cavity zone to the whole RPB. 

The contributions of the outer cavity zone to the mass transfer area and the CO2 capture 

change slightly with the L/G ratio increasing. With the increase in the rotational speed, 

the ratio of the mass transfer area in the outer cavity zone to the whole RPB increases, 

however, the ratio of the CO2 capture in the outer cavity zone to the whole RPB first 

decreases slightly and then increases significantly. 

The RPB model developed in this chapter can successfully and effectively predict the 

CO2 capture process in the whole RPB, and this demonstrates the substantial potential 

of the model, with further validation, to be used for process optimization and design of 

the large-scale RPB for industrial PCC. There are two limitations of the CFD model 

proposed in this study. The first is that using the porous media approach, the details of 

the fluid flows are not resolved, and therefore the characteristics of the formation of 

liquid droplets/films are unable to be revealed. Secondly, the accuracy of the model is 

highly dependent on the applicability of the sub-models employed and therefore, 

careful validation of the model should be considered, especially when a very different 

packing is employed for the RPB. 
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CHAPTER 6 : CRITICAL COMPARISON 

BETWEEN THE LARGE-SCALE RPB AND CPB 

FOR PCC 

Summary 

This chapter introduced a method to critically compare the CPB and RPB for the post-

combustion carbon capture. A large-scale RPB has been computationally established 

according to the experimental parameters from a CPB pilot plant and the design 

procedure. The Eulerian porous medium method and various sub-models have been 

employed in order to effectively and extensively investigate the CO2 capture processes. 

In addition, the process optimization of the CO2 capture has been quantitatively 

performed. The simulation results show that compared with the CPB, the volume of the 

packed bed could be reduced by 80% using the RPB. In addition, the liquid flow rate 

could be saved 40% when using the 50% MEA concentration solution. This study 

provides very valuable and important information for the scaling up and operation of 

RPBs for post-combustion carbon capture. 

6.1 Introduction 

The RPB has shown many remarkable advantages over the CPB, such as the large 

effective interfacial area and small footprint. Thus, it has been utilized in many 

industries in order to improve the mass transfer performance. The RPB has been rarely 
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employed for commercial CO2 capture and this is mainly due to three reasons.  

The first reason is that the design procedures for the large-scale RPB have not, as yet, 

been proposed for PCC. Although a general design procedure has been mentioned in 

the works of Agarwal et al. [13] and Sudhoff et al. [133], it may not be suitable for the 

PCC process. In their design procedure, some overall volumetric mass transfer 

correlations that are derived from various absorption systems are utilized to determine 

the packing size [194]. However, they cannot be used since these general correlations 

may be not suitable for the CO2-amine system. Therefore, systematic design procedures 

for the large-scale RPB should be carefully considered for the carbon capture.  

Secondly, even though the large-scale RPB has been constructed for industrial CO2 

capture, how to operate a CO2 capture plant with the RPB absorber is another issue. In 

fact, the effect of the operating parameters on the hydrodynamics and CO2 capture 

performance have been investigated by using the experimental and simulation 

approaches [6, 25, 31, 53, 75, 89, 102, 134, 135]. However, these investigations have 

been conducted based on the lab-scale or pilot-scale RPBs with the outer packing 

diameter being smaller than 0.3 m. It is unknown whether the conclusions drawn by 

these small RPBs are still suitable for the large-scale RPB since the CO2 capture 

processes in multi-scale RPBs may be different. Therefore, the sensitivity of the 

operating parameters on the CO2 capture processes inside a large-scale RPB should be 

more thoroughly investigated in order to provide more important information on the 

operating and process optimization. 

Finally, the advantage of the RPB over the CPB has not been thoroughly and clearly 

established. Currently, almost all the results published in the literature indicate that the 
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RPB has a much better mass transfer performance than the CPB based on both the lab-

scale and pilot-scale facility size [83, 136-139]. However, the mass transfer rate will 

decrease with the increase in the radial length of the packing because the interaction 

between the liquid phase and the packing becomes weaker, especially in a large-scale 

RPB [140], which is different from the CPB. In addition to the capture level, the 

equipment size for the RPB would be reduced, which results in a smaller capital cost. 

However, it is difficult to determine whether the RPB is more cost-effective when 

considering the extra energy demanded by the rotor, although it has shown that the 

energy required by the motor is extremely smaller than regeneration energy in the work 

of Chamchan et al. [141]. More importantly, the regeneration energy would be 

significantly saved if the liquid flow rate required by the RPB could be reduced. Overall, 

the RPB and CPB should be more thoroughly compared when employing them for CO2 

capture. 

In order to establish the large-scale RPB model and critically compare the RPB and 

CPB, the CPB experiments for CO2 capture that were previously conducted by our 

research group [195, 196] are utilized as the reference data. The experimental campaign 

was performed at the Pilot-scale Advanced Capture Technology (PACT, now the TERC) 

facilities in Sheffield with a CO2 capture capacity of one ton per day. The reasons why 

choosing this set of experimental data as the reference data are as follows. Firstly, the 

detailed dimensions of the CPB is presented, which could help to compare the volume 

ratio between the CPB and RPB. Secondly, the CO2 capture performance was fully 

investigated under various operating conditions, and the important indexes, such as the 

CO2 capture rate, CO2 rich loading, liquid temperature distribution, etc., were given, 
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thus indicating that the CO2 capture process in the RPB and CPB could be 

comprehensively compared. Thirdly, the experimental data has been utilized to validate 

the model established by using Aspen HYSYS, which indicates that the experimental 

data is reliable. Most importantly, an RPB experimental rig is being established based 

on this CPB experimental data, thus, this work may provide some suggestion for 

operation of the RPB.  

Within the CPB absorber, the 30% MEA solution flows in a counter-current manner to 

the flue gas. The CPB is packed with a random stainless-steel packing- INTALOX 

Metal Tower Packing (IMTP25). Its porosity and specific area are 0.971 and 242.8 

m2/m3. The diameter and height of the packing are 0.3 and 8 m, respectively. The CPB 

experiments are performed under a fixed gas flow rate of 210 m3/h and with a CO2 mole 

concentration of 9.9%, and to achieve a 90% CO2 capture level, the liquid flow rate of 

the MEA solution requires 721 kg/h. The inlet temperature of the liquid phase is 40 °C, 

and the CO2 loading in the lean MEA solution is 0.204 mol CO2 /mol MEA. The 

detailed information on the CPB experiment is listed in Table 6-1.  

Table 6-1 The experimental data from the CO2 capture plant using CPBs in the PACT 

facilities [196]. 

Packing 

diameter and 

height (m) 

CO2 inlet 

concentration  

(%) 

Gas flow 

rate 

(m3/h) 

Liquid 

flow rate 

(kg/h) 

Lean solvent 

concentration 

(wt %) 

Lean loading 

(mol CO2 

/mol MEA) 

CO2 capture 

level 

(%) 

0.3, 8 9.9 210 721 30.5 0.204 90.8 

Based on the operating conditions of the CPB experimental investigation, a large-scale 

RPB was simulated by employing the Eulerian porous medium model to explore the 
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CO2 capture processes. Also, hydrodynamics, thermodynamics and mass transfer were 

investigated by employing various sub-models, and the sub-models employed in this 

chapter have been illustrated in a flowchart in Section 3.9. Then, the CPB and RPB are 

quantitatively compared under various operating parameters for the CO2 capture. This 

work quantitatively demonstrates the advantages of using RPB for the carbon capture 

and provides some very useful and important suggestions for RPB scaling up and plant 

operation.  

6.2 Design procedure for the RPB  

In this section, the large-scale RPB size is determined based on a design procedure  [197] 

and the operating condition from the CPB experiments [196]. Since the mass transfer 

mainly occurs in the packing region, only the packing region is designed. In addition, 

in order to deal with the same large flue gas employed in the CPB, the packing size 

should be carefully considered.  

The order to determine the size of the RPB is summarized as follows: (i) the inner 

packing radius is first obtained according to the proper gas withdrawal; (ii) the packing 

width is fixed based on the flooding point; and (iii) the outer packing radius is finally 

calculated in terms of the desired capture rate. In addition, the processes for determining 

the liquid distributor and packing are also included in this section.  

6.2.1 Inner packing radius 

In order to achieve the equipment's compactness, the inner packing radius should be as 

small as possible. However, a small inner packing radius may cause a large pressure 

drop because of the space occupied by the liquid distribution. In addition, the liquid 
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phase may be taken away by the gas flow with a large radial velocity resulting from the 

small cross-sectional flow area, and the ratio of the liquid to gas kinetic energy should 

be above three [197].Therefore, the kinetic energy of the exit gas should be in the same 

order of magnitude as that of the liquid jet's kinetic energy. The inner packing radius is 

given as follows [197]: 

𝑟𝑖 = (
𝑄𝐺

𝜋𝑣𝑗𝑒𝑡(1 − 𝑓𝑑)
)

0.5

(
𝜌𝐺𝑝

𝜌𝐿
) (6 − 1) 

where 𝑄𝐺 is the gas flow rate, 𝜌𝐺  and 𝜌𝐿 are the density of the gas and liquid phases, 

respectively, 𝑓𝑑 is fraction of the space of the inner cavity zone occupied by the liquid 

distributor, which is recommended as 0.33 [197], 𝑝 is the kinetic energy ratio of the 

liquid jet to the exit gas, which is recommended as 2 [197], and 𝑣𝑗𝑒𝑡  the liquid jet 

velocity, which is set as around 2 m/s in this study. After calculation, it is found that 𝑟𝑖 

is 0.03 m. 

6.2.2 Packing width 

When the gas phase flows into the inner packing area, where the flooding is most likely 

to occur, its radial gas superficial velocity is almost the highest. In order to prevent 

flooding, the packing width should be sufficiently wide. However, it cannot be 

excessively large, as this may lead to portions of the packing surfaces remaining 

unwetted near the top and bottom of the packing. To ensure optimal operation, the 

packing width should be selected in a manner that ensures process operation at design 

conditions remains just slightly below flooding, which is determined by the superficial 

gas velocity near flooding as follows [197]: 
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ℎ =
𝑄𝐺

2𝜋𝑟𝑖𝑈𝐺
(6 − 2) 

𝑈𝐺 =

[
 
 
 130𝑁𝑔

0.43𝑎𝑆
−0.93(𝜌𝐿 − 𝜌𝐺)

0.25

𝜌𝐺
0.5 + 1.51 (

𝑄𝐿
𝜑𝑄𝐺

)
0.5

𝜌𝐿
0.5

]
 
 
 
2

(6 − 3) 

where 𝑈𝐺  is the superficial gas velocity near flooding, 𝛼  is the RPB flooding 

correlation fitting parameter, which is set between 0.7 and 0.9, 𝑁𝑔 is the ratio of the 

centrifugal to gravitational acceleration, 𝑎𝑆 is the specific area of the packing, 𝑄𝐿 is the 

liquid flow rate, ℎ is the packing width, and 𝑟𝑖 is the inner packing radius obtained in 

last section. According to the operating conditions employed in the CPB experiments 

(Table 6-1), the packing thickness is 0.1 m. 

6.2.3 Outer packing radius 

As we know, the mass transfer between the gas and liquid phases mainly occurs in the 

packing region. If the outer packing radius is larger, the gas and liquid flows have more 

time and area to be in contact and react with each other, which results in a higher mass 

transfer performance. As a result, the outer packing radius is mainly determined by the 

desired CO2 capture rate, and the equation for the outer packing radius is given as 

follows [161]: 

𝑟𝑜 = [
𝑄𝐺

𝐾𝐿𝑎𝑒𝜋ℎ
ln (

𝑦𝑖,𝐶𝑂2
𝑦𝑜,𝐶𝑂2

) + 𝑟𝑖
2]

0.5

(6 − 4) 

where 𝑟𝑜 is the outer packing radius, 𝐾𝐿𝑎𝑒 is the overall volumetric mass transfer rate, 

and 𝑦𝑖,𝐶𝑂2 and 𝑦𝑜,𝐶𝑂2 are the CO2 mole fraction in the gas inlet and outlet, respectively. 

In this case, the desired CO2 capture rate is 90.8% (the CO2 capture rate in the CPB 
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experiment), thus, the ratio of 𝑦𝑜,𝐶𝑂2 to 𝑦𝑖,𝐶𝑂2 is 10.87. In addition, 𝐾𝐿𝑎𝑒 is difficult to 

accurately determine since its value is related to the unknown packing outer radius. In 

the work of Agarwal et al. [197], the semi-empirical correlations of the mass transfer 

rate have been utilized to calculate 𝐾𝐿𝑎𝑒. However, these correlations are derived from 

various packings and systems, and they may not be able to accurately predict 𝐾𝐿𝑎𝑒 for 

the amine-based absorption system. In the last chapter, a pilot-scale RPB model with 

an outer packing diameter of 0.3 m has been developed, and 𝐾𝐿𝑎𝑒 can be estimated by 

using this RPB model under the same operating conditions as the CPB and the lowest 

employed rotational speed of 300 rpm in this case. Based on the pilot-scale RPB, 𝐾𝐿𝑎𝑒 

is 1.26 s-1. Therefore, the outer packing radius is calculated to be 0.6 m. 

6.2.4 Other parameters 

The liquid jet velocity is recommended as 2 m/s [197] when determining the inner 

packing radius. In order to make the liquid evenly jet from the liquid nozzle in the axial 

directly, the number of the liquid nozzle is one and the shape of the liquid nozzle is 

rectangular with the size being 0.001×0.1 m. 

In addition, the packing type could also influence the CO2 capture performance. For the 

RPB, the wire mesh and metal foam are the most commonly used packing types due to 

its higher porosity and low frictional pressure drop. Considering the metal foam being 

cost expensive, the wire mesh packing with porosity and specific surface area of 0.801 

and 663 m2/m3, respectively, is selected, which has been used in the last chapter.  

Overall, the main information of the RPB model is shown in Table 6-2.  
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Table 6-2 The information of the large-scale RPB model. 

𝐷𝑖 

(m) 

h 

(m) 

𝐷𝑜 

(m) 

Liquid distributor 

(m) 

Packing 

type 

Porosity  Specific area of 

packing (m2/m3) 

0.06 0.1 1.2 0.001×0.1 Wire mesh 0.801 663 

6.3 CFD modelling 

6.3.1 Geometry of the RPB 

Based on designed RPB size presented in Table 6-2, a large-scale RPB model can be 

established. Because the heights of the liquid distributor and the packing are the same, 

which means the layout of the designed 3D RPB remains identical in the axial direction, 

including the gas and liquid inlets and the gas outlet. Therefore, the 3D RPB may be 

simplified into a 2D RPB model to save the computing resources, which is shown in 

Figure 6-1. Therefore, this 2D model is used to investigate the CO2 capture performance 

in the study. 

In this model, the liquid nozzles are located in the center of the packing. Because the 

length of the liquid distributor is the same as the packing height, the liquid could be 

distributed evenly in the axial direction. Since the gas inlet and liquid outlet cannot 

overlap outside the packing, an elimination zone is built with an extension outside the 

packing in order to remove the liquid phase but retain the gas phase. In order to save 

the mesh grids, the extension cannot be too long, and an elimination zone with a radial 

length of 0.05 m is established. The appropriate source equations for this zone can be 

found in Section 3.2. The gas inlet is set on the outer boundary of the elimination zone 

and the gas is assumed to enter uniformly in the circumferential directions. Since the 

gas flow almost rotates in sync with the packing near the outer packing, the gas inlet 
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boundary is set at the same rotational speed as the packing.  

 

Figure 6-1 Schematic diagram of the 2D RPB ((1, packing; 2, liquid inlet; 3, gas 

inlet; 4, liquid elimination zone; 5, gas outlet). 

6.3.2 Assumptions for the model 

The main assumptions of the RPB model are as follows:  

(i) The wire mesh packed bed is a homogenous porous medium. 

(ii) The gas is incompressible. 

(iii) The pressure field is shared between the gas and liquid phases. 

(iv) The liquid phase exists in the form of the film and droplets within the 

packing zone. 

(v) The mass transfer occurs in the packing zone only. 

6.3.3 Solution procedure 

The 2D transient simulations were conducted using ANSYS Fluent 2021 R1 with 

double precision mode on the High Performance Computing cluster at the University 

of Sheffield. The governing equations of the mass, momentum, energy and species were 
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solved to investigate the hydrodynamics, thermodynamics and mass transfer in the 

RPB. The UDF was developed to define the properties of the MEA solution, apply 

additional forces in the momentum equations, and calculate the transferred CO2 in the 

mass equations. The equilibrium thermal model was selected to calculate the heat 

transfer between the fluid and solid phases in the porous medium zone. The Phase 

Coupled SIMPLE method was employed and the pressure equations were discretized 

using a second-order scheme. The pressure-based method and the absolute velocity 

formulation were also utilized. A time step of 4×10-4 s was set and a maximum of 35 

iterations per time step were used with a convergence tolerance of 5×10-5. The 

simulation was considered to reach pseudo steady-state when the CO2 concentration at 

the gas outlet and the liquid outlet temperature differed by less than 1% within ten 

seconds, and the residuals of the energy equation and other governing equations were 

below 5×10-7 and 1×10-4, respectively. 

For the RPB model, the realizable 𝑘 − 𝜀 turbulence model has been frequently used 

[33, 90, 177] and the advantages of using this model are illustrated in Section 4.2.2, 

thus, this model has been employed in the section.  

6.3.4 Boundary conditions 

The gas phase comprises 9.9% CO2 and 90.1% air. It is assumed that the gas phase 

consists only of CO2, N2, and O2, and the component mole fractions are detailed in 

Table 6-3. The liquid phase contains CO2, MEA ( HOC2H4NH2 ), MEAH+ 

(HOC2H4NH3
+ ), MEACOO- (HOC2H4NHCOO

− ) and water. Similar to the CPB 

experiments, all MEA solutions were preloaded (0.204 mol CO2/mol MEA) before the 

MEA solution was fed into the RPB and the mass fraction of each species in the 30% 
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MEA solution is presented in Table 6-4. The correlations of the surface tension and 

viscosity for the MEA solution can be found in Table 5-4 [185, 186]. In addition, the 

liquid density, thermal conductivity and specific heat of the two phases are evaluated 

by the mixing law based on every species in each phase. 

Table 6-3 The mole fraction of each component in the gas phase. 

CO2 N2 O2 

0.099 0.7118 0.1892 

Table 6-4 Mass fraction of the each components in the 30% MEA solutions. 

MEA 

(C2H7ON) 

MEAH+ 

(C2H8ON+) 

MEACOOH- 

(C3H6O3N
-) 

H2O 

0.1698 0.0596 0.1002 0.6704 

According to the experimental parameters [196], the gas flow rate is maintained at 210 

m3/h with a fixed temperature of 40 °C at the gas inlet. The inlet CO2 concentration is 

9.9%. The gas outlet boundary is set as the pressure-outlet condition with a zero gauge 

pressure. The liquid is introduced with a fixed velocity of 2.0 m/s and a temperature of 

40 °C and the liquid disappears after entering the liquid elimination zone. The species 

and their concentrations in the gas and liquid phases are presented in Table 6-3 and 

Table 6-4, respectively. The gravitational force acts in the negative Y direction with a 

gravitational acceleration of magnitude of 9.8 m/s-2, indicating a vertically oriented 

RPB. The material of the packing is steel with specific area and porosity values of 663 

m2/m3 and 0.801, respectively. Rotational speeds ranging from 300-800 rpm are utilized 

in the simulations, with the sliding model employed to replicate the motion of the 

packing. The conditions on the wall boundaries are defined as adiabatic. 
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6.3.5 Grid independence 

The ANSYS Mesh was employed to generate the grid of the large-scale RPB model. 

The hexahedral mesh elements formed the 2D computational grid. In order to get a 

mesh independence solution, various cases with different mesh numbers ranging from 

0.05 M to 0.18 M were tested. Finally, the outlet CO2 mole fraction reaches stability 

until the mesh number was 0.15 M, see Figure 6-2(a). The packing region was evenly 

divided into 720, 180 parts in the circumferential, radial directions, respectively, which 

is shown in Figure 6-2(b).  
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Figure 6-2 (a) The predicted CO2 capture rate with different grids, and (b) schematic 

of the mesh in the 2D model. 

6.4 Results and discussion 

In this section, the CO2 capture processes, including the hydrodynamics, 

thermodynamics and mass transfer, have been analyzed in the established large-scale 

RPB using the operating conditions from the CPB experiments. Subsequently, the 

process optimization of the operating parameters, including the liquid flow rate, MEA 
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concentration, etc., has been investigated. The obtained simulation results have been 

quantitatively compared with the CPB experimental data.  

For evaluating the CO2 capture performance in the RPB, the CO2 capture rate is 

introduced as follows: 

𝑟𝐶𝑂2 =
𝑦𝑖,𝐶𝑂2 − 𝑦𝑜,𝐶𝑂2

𝑦𝑖,𝐶𝑂2
× 100% (6 − 5) 

Where 𝑟𝐶𝑂2 is the CO2 capture rate, and 𝑦𝑖𝑛,𝐶𝑂2 and 𝑦𝑜𝑢𝑡,𝐶𝑂2 are the CO2 mole fractions 

at the inlet and outlet, respectively. 

6.4.1 Comparison between the CPB and RPB with various rotational 

speeds 

In order to investigate the effect of the rotational speed and compare the CPB and RPB, 

the CO2 capture processes in the RPB were simulated under the same operating 

conditions as the CPB experiments except for the rotational speed. The rotational speed 

employed in this work ranged from 300 to 800 rpm. 

Figure 6-3 shows the CO2 capture rate and liquid outlet temperature under various 

rotational speeds. Taking the 300 and 800 rpm as an example, Figures 6-4 (a-f) present 

the distribution of the liquid holdup, effective interfacial area, CO2 fraction in the gas 

phase, MEA mass fraction, liquid specific heat, and liquid temperature, respectively. 

Figure 6-3 reveals that the CO2 capture performance improves while the liquid outlet 

temperature decreases with the increase in the rotational speed. As the rotational speed 

increases, the liquid holdup decreases due to the larger centrifugal force, as shown in 

Figure 6-4(a). Furthermore, stronger interaction between the liquid phase and packing 
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leads to the formation of more tiny liquid droplets and thin liquid films, thus leading to 

a slightly higher effective interfacial area, which is shown in Figure 6-4(b). As a result, 

the CO2 and MEA solution have more chance to react for 800 rpm, thus enhancing the 

CO2 capture performance, see Figures 6-3(a) and 6-4(c). Since the mass transfer area 

in the outer packing region is large and most of the CO2 is captured in this region at 800 

rpm, the MEA mass fraction experiences a significant reduction in the outer packing 

region, as shown in Figure 6-3(d). In addition, in theory, a higher degree of reaction 

would result in greater heat release in the liquid phase, and as a consequence, the liquid 

temperature should be higher at 800 rpm. However, a lower liquid temperature could 

be observed in Figure 6-3(f). This is because with a higher product concentration 

(MEAH+ and MEACOOH-),  the specific heat of the liquid phase for 800 rpm is higher 

than that for 300 rpm (Figure 6-3(e)), which means more energy is required to raise the 

temperature by one degree at 800 rpm. 

In Section 6.2, the desired CO2 capture rate (90.8%) and the 𝐾𝐿𝑎𝑒 obtained in the pilot-

scale RPB under 300 rpm were used to determine the outer packing diameter, with the 

expectation that the CO2 capture rate in the large-scale RPB should be 90.8% when 

using 300 rpm. However, according to Figure 6-3, the predicted CO2 capture rate is 

found to be lower than 90.8%, indicating a lower 𝐾𝐿𝑎𝑒 in the large-scale RPB. This can 

be attributed to the smaller local liquid holdup in the outer packing region, which results 

in less MEA molecules being available. Another important reason is that the interaction 

between the liquid and packing becomes weaker as the liquid starts to synchronize with 

the rotating packing in the bulk of the packing, particularly in a large-scale RPB. 

Therefore, the effective interfacial area becomes smaller and the surface renewal 
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frequency becomes lower, leading to a decrease in mass transfer rate along the radial 

direction in the packing region. 

Based on the results shown in Figure 6-3, it can be observed that when the rotational 

speed is higher than 600 rpm, the CO2 capture performance in the RPB is significantly 

superior to that in the CPB, which has a capture rate of 90.8%. In order to reduce the 

sensible heat of the regeneration process, which is directly proportional to the liquid 

flow rate, it is essential to optimize the process parameters while maintaining the CO2 

capture rate above 90.8%. On the other hand, when the rotational speed remains at 500 

rpm or below, the CO2 capture rate in the RPB is only slightly higher or even lower 

than that in the CPB. To enhance the CO2 capture performance in RPBs, increasing the 

MEA concentration can be considered a promising strategy, which may also allow for 

a reduction in the liquid flow rate. Therefore, using the RPB with the appropriate 

operation parameters can provide a more energy-efficient solution for CO2 capture. 
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Figure 6-3 The (a) CO2 capture rate and (b) liquid outlet temperature under various 

rotational speeds. 
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(a) (b) 

 

(c) (d) 

 

(e) (f) 

Figure 6-4 The distributions of the (a) liquid holdup; (b) effective interfacial area; (c) 

CO2 fraction in the gas phase; (d) MEA mass fraction; (e) liquid specific heat; and (f) 

liquid temperature for 300 and 800 rpm. 

6.4.2 Comparison between the CPB and RPB under various flow rates 

Figure 6-5 illustrates the CO2 capture performance and liquid outlet temperature under 

various rotational speeds and liquid ratios (the ratio of the liquid flow rate employed in 

the RPB model over the liquid flow rate used in the CPB experiment). According to 

Figure 6-5(a), an increase in the liquid flow rate ratio from 0.6 to 0.8 leads to a 
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significant rise in both CO2 capture rate and liquid outlet temperature. This is attributed 

to the generation of a higher effective interfacial area, resulting from an increased 

number of tiny droplets as the liquid ratio rises. In addition, a larger amount of free 

MEA molecules becomes available with higher liquid flow rates, enhancing the 

capacity to capture CO2. An increase in the reaction rate results in higher reaction heat. 

Consequently, this leads to an increase in the liquid outlet temperature, as demonstrated 

in Figure 6-5(b). In turn, the elevated liquid temperature positively influences the 

reaction rate. 

However, it is worth noting that when comparing liquid ratios of 0.6 and 0.7 across 

various rotational speeds, the CO2 capture rates appear to be similar. This observation 

could be attributed to the fact that nearly all the MEA molecules in the liquid phase 

have already reacted with the CO2. According to previous reports, the absorbing 

capacity of MEA is 0.565 CO2 mole/mole MEA (equivalent to 407 g CO2/kg MEA) 

[198]. In this case study, if the CO2 could be fully absorbed by the MEA solution with 

0.565 CO2 mole/mole MEA loading, the liquid flow rate ratio should be at least 0.78. 

It suggests that the MEA solution has already reached its maximum capacity for CO2 

absorption for the liquid flow rate ratio being 0.6 and 0.7, and the rotation speed has 

little effect on the CO2 capture rate. Taking the rotational speed of 600 rpm as an 

example, Figure 6-6 shows the MEA molecules in the liquid phase when the liquid flow 

rate ratios are 0.6, 0.7, 0.9. From Figures 7(a) and 7(b), it can be observed that for the 

liquid flow rate ratios being 0.6 and 0.7, the MEA fraction is close to zero at the outer 

or even the middle packing region. Therefore, it is important to optimize the operation 

parameters of the RPB to ensure a sufficient amount of MEA while minimizing the 
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liquid flow rate. 

It can be also found that when the liquid flow rate ratio is no less than 0.8, the CO2 

capture rate reaches a steady state (refer to Figure 6-5(a)). This is because when the 

liquid ratio increases from 0.8 to 1.0, a larger contact area could be generated and more 

MEA molecules are available. However, the increase in the mass transfer area is limited 

at a higher range of the liquid flow rate and rotational speed, and this phenomenon is 

consistent with the findings of previous experimental studies [39, 191, 199]. 

Furthermore, when the liquid flow rate ratio exceeds 0.8, the available MEA molecules 

are sufficient to capture the most CO2, resulting in a similar CO2 capture rate. Therefore, 

further increases in the liquid flow rate ratio do not result in significant improvements 

in CO2 capture rate. And the RPB can achieve a higher CO2 capture rate than the CPB 

when the rotational speed is higher than 600 rpm, allowing a 20% reduction in the liquid 

flow rate. 

From Figure 6-5(b), it is noted that the liquid outlet temperature decreases as the liquid 

flow rate ratio increases from 0.8 to 1.0. Within this range, the CO2 capture rate remains 

consistent, indicating a similar amount of released reaction heat. However, the 

reduction in liquid temperature can be attributed to the significant sensible heat of the 

liquid phase as the liquid flow rate ratio increases. Also, this decrease in the liquid outlet 

temperature has been observed in the experimental study [161] and Section 5.3.3.2. In 

turn, the decreased liquid temperature may be another reason for the steady CO2 capture 

rate observed in Figure 6-5(a). 
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Figure 6-5 The (a) CO2 capture rate and (b) liquid outlet temperature under various 

rotational speeds and liquid flow rates. 

 

(a) (b) (c) 

Figure 6-6 The MEA fraction in the liquid phase when the liquid flow rate ratios are 

(a) 0.6; (b) 0.7; and (c) 0.9 for 600 rpm. 

6.4.3 Comparison between the CPB and RPB under various MEA 

concentrations 

Increasing the MEA concentration could improve the absorption performance and 

reduce the liquid flow rate, and subsequence save the regeneration power energy. Figure 

6-7 shows the CO2 capture rate under lower rotational speeds and higher MEA 

concentrations. In Figure 6-7, it can be observed that the CO2 capture rate gradually 
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increases as the MEA concentration increases, owing to the availability of more free 

MEA molecules. In addition, the liquid viscosity will increase as the MEA 

concentration increase, leading to an increase in the residence time, which favors for 

the CO2 absorption. Also, higher MEA concentration generates more reaction heat, 

leading to a higher liquid temperature that enhances the chemical reaction rate. 

Therefore, by optimizing the MEA concentration, it is possible to reduce the liquid flow 

rate while maintaining similar CO2 capture performance. 

As an example, taking the rotational speed of 300 rpm, Figure 6-8 displays the CO2 

capture performance under different MEA concentrations and liquid ratios. For the 

highest MEA concentration of 50%, the CO2 capture rate in the RPB is higher than that 

in the CPB, as long as the liquid ratio is higher than 0.6. Remarkably, the liquid flow 

rate can be decreased by 40% compared to the CPB experimental data when using a 

50 % MEA solution, even under the lowest rotational speed. These results indicate that 

optimizing the operating conditions such as MEA concentration and liquid flow rate 

can significantly save the liquid flow rate required by the RPBs and further reduce the 

regeneration energy in the CO2 capture plant. 



Chapter 6 
 

 

164 

 

 

Figure 6-7 The CO2 capture rate under various rotational speeds and MEA 

concentrations. 

 

Figure 6-8 The CO2 capture rate under various MEA concentrations and liquid ratios 

for 300 rpm. 

6.5 Comments on the use of the RPB for post-combustion CO2 

capture  

In this case study, a large-scale RPB with an outer packing diameter of 1.2 m has been 
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established and its volume is only 20% compared with the CPB’s volume. Due to the 

high gravitational environment in the RPB (rotational speed higher than 600 rpm), the 

liquid flow rate could be reduced by 20% without sacrificing the CO2 capture 

performance, which may further reduce the regeneration power consumption. Even 

under the lowest employed rotational speed (300 rpm), the liquid flow rate could be 

saved 40% if using a higher MEA concentration. Overall, the study shows that the RPB 

has advantages over the traditional CPB for CO2 capture in terms of reducing the 

required liquid flow rate, increasing the CO2 capture rate, and decreasing the unit size. 

6.6 Conclusions  

A large-scale RPB model has been established by employing the Eulerian porous 

medium method coupled with various sub-models. The hydrodynamics, 

thermodynamics and reaction-enhanced mass transfer have been investigated and 

process optimization of the CO2 capture in this RPB has been quantitatively explored. 

The main findings of this work are as follows: (i) a 2D large-scale RPB model with the 

outer packing diameter of 1.2 m was established according to the design procedure. 

This is the first time that an investigation has been performed of the CO2 capture 

processes in such a large RPB model by using the CFD method; (ii) the Eulerian porous 

medium approach has been employed in the large-scale RPB. It ben shown that it is 

feasible and effective to study the carbon capture in this large-scale RPB through 

utilizing the Eulerian porous medium modelling method since the required 

computational resources could be significantly saved. Thus the present new method is 

computational accurate and efficient; (iii) coupled with the sub-models, the 

hydrodynamics, thermodynamics and mass transfer processes could be thoroughly and 
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accurately analyzed and the process optimization of the CO2 capture process could be 

conducted.  

The simulation results show that although the CO2 capture rate for 800 rpm is larger 

than that for 300 rpm, the liquid outlet temperature for 300 rpm is higher due to the 

smaller heat transfer between the phases and specific heat. When using a higher 

rotational speed (over 600 rpm), the liquid flow rate could be reduced by 20% while 

keeping the CO2 capture rate higher than that in the CPB. Even under the lowest 

employed rotational speed, the liquid flow rate could be reduced by 40% when using 

the MEA solution with 50% concentration compared with that employed in the CPB 

experiment. Furthermore, under the same carbon capture rate, the required volume of 

the packing in RPB is only 20% compared with the packing volume in the CPB. 

In conclusion, this new and important investigation not only demonstrates the 

feasibility and effectiveness of using the CFD method to study such large-scale RPB 

model, but also shows the potential for the RPB to be industrially employed for PCC. 

There are two limitations of the CFD model proposed in this study. The first is that the 

model is limited to a 2D RPB geometry, and the design optimization of the liquid 

distribution on the CO2 capture cannot be studied. Secondly, only the CO2 capture 

performance and required liquid flow rate in the RPB reactor has been explored, and 

the regeneration consumption associated with the use of the RPB is not considered in 

this section. 
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CHAPTER 7 : CONCLUSIONS AND FUTURE 

WORK 

The RPB has shown much potential for post-combustion carbon capture due to the high 

mass transfer performance and the small area occupied. The detailed CO2 capture 

processes within the RPB have been effectively studied by employing the CFD 

approach. In this thesis, the flow characteristics (especially the liquid dispersion), 

thermodynamics and reaction-enhanced mass transfer have been thoroughly explored 

in the multi-scale RPBs. The findings and conclusions are outlined in Section 7.1, and 

possible avenues for future research are deliberated in Section 7.2. 

7.1 Conclusions 

7.1.1 Liquid dispersion in the RPB  

Liquid dispersion is very important for the modelling of liquid flow in a RPB when the 

Eulerian porous medium approach is employed. For investigating the effect of the liquid 

dispersion in a practical RPB, a 3D Eulerian porous medium model has been established 

in Chapter 4 coupled with the appropriate interfacial, drag and dispersion forces 

formulations. The main important findings are as follows: (i) the porous medium model 

with the Eulerian method has been successfully developed and used to accurately and 

efficiently model the fluid dynamics and liquid dispersion in a 3D RPB. Using this 

model can substantially reduce the computational time and efforts; (ii) a new form of 
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the porous resistance model has been developed for two-phase flows and this model 

could accurately predict the porous resistance in the packing; (iii) the correlation for the 

gas-liquid effective interfacial area has been developed to fit the non-uniform flow. 

After the modification, the distribution of the fractional effective interfacial area (𝑓𝑒) is 

consistent with the reality. The effective interfacial area is larger where the liquid 

holdup is higher. In addition, the use of the developed 𝑓𝑒  would make the porous 

medium model more accurate; and (iv) the dispersion force models, for the first time, 

are added into the model to accurately and efficiently simulate the liquid dispersion in 

a complete packing region in 3D. In the 3D model coupled with the dispersion force 

models, the effect of liquid dispersion on the liquid holdup could be quantified and 

more accurate liquid flow performance was achieved. 

In addition, the simulation results show that the effect of the capillary pressure and 

mechanical dispersion forces on the liquid holdup are important to consider but showed 

different levels of significance with different liquid nozzle lengths. The effect of the 

capillary pressure force and mechanical dispersion force on the liquid holdup are 

similar when the nozzle length is larger. While when the nozzle length is smaller, the 

liquid dispersion in this RPB model is dominated by the mechanical dispersion and the 

spread factor is a very sensitive quantity. With the liquid flow rate increasing, the 

influence of the dispersion force on the liquid holdup is different under different 

rotational speeds. The effect of the dispersion force on the liquid holdup is almost the 

same with different nozzle widths and packing porosity. In addition, increasing the 

number of liquid nozzles from 1 to 4 could improve the liquid distribution and liquid 

holdup in the packing region substantially. However, further increasing the number of 
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nozzles tends to be less effective. In general, it takes only 0.5-3 h depending on the 

rotational speed simulated to finish a full analysis of the 3D RPB by using the Eulerian 

porous medium method. Overall, the new method proposed and employed in this thesis 

paves the way for much more efficient simulations of full 3D RPBs in the future. 

7.1.2 CO2 capture processes in the RPB 

RPB technology shows great potential for post-combustion capture. However, the 

capture process inside the full RPB is difficult to simulate and this is due to the 

complexity of the CO2 capture process in the outer cavity zone. Therefore, in Chapter 

5, a new 3D CFD model, including the packing and the inner and outer cavity zones, 

has been established by employing the Eulerian porous medium method coupled with 

various sub-models, such as the models of the interfacial force, drag force, dispersion 

forces, effective interfacial area, heat transfer, and mass transfer. The CO2 capture 

performance both in the packing and in the outer cavity zones has been quantitatively 

analyzed under different operating conditions.  

The simulation results show that (i) a new completed 3D Eulerian porous medium RPB 

model has been established based on a pilot scale RPB model. By using the Eulerian 

porous medium modelling method, the CO2 absorption performance within a whole 

RPB could be effectively investigated due to the significantly reduced computational 

cost; (ii) the force, effective interfacial area, heat transfer, mass transfer models have 

been coupled with the Eulerian RPB model, thus, the hydrodynamics, thermodynamics 

and mass transfer processes could be thoroughly analyzed; (iii) the effective interfacial 

area, force and even liquid droplet diameter models have been introduced separately 

for the packing region and the outer cavity zone for predicting the CO2 capture 
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performance inside the whole RPB, and the CO2 absorption processes in these zones 

are quantitatively evaluated under various operating conditions by the new CFD 

method for the first time. 

The predicted simulation results are in good agreement with the experimental data by 

comparing the CO2 fraction in the gas outlet and liquid outlet temperature. In addition, 

the end-effect zone is observed near the inner packing region where a large effective 

interfacial area occurs due to the liquid dispersion and strong interaction between the 

liquid and packing. However, the amount of the CO2 transferred between the phases is 

small in the end-effect zone due to the small mass transfer area and local CO2 fraction 

in the gas phase as well as the low liquid temperature. 

The outer cavity zone has an effect on CO2 capture inside the RPB. The contributions 

of the outer cavity zone to the mass transfer area and CO2 capture are respectively in 

the ranges of 25%~40% and 28%~42% in the investigated RPB as presented in Chapter 

5. These values may be different for different designs. Also, the simulation results show 

that the CO2 captured in the outer cavity zone becomes more as the MEA concentration 

increases, however, the MEA concentrations have little effect on the ratio of the mass 

transfer area in the outer cavity zone to the whole RPB. The contributions of the outer 

cavity zone to the mass transfer area and CO2 capture change slightly with the L/G ratio 

increasing. With the increase in the rotational speed, the ratio of the mass transfer area 

in the outer cavity zone to the whole RPB increases, however, the ratio of the CO2 

capture in the outer cavity zone to the whole RPB first decreases slightly and then 

increases significantly because the micromixing performance in the packing region 

improves significantly at the lower rotational speed. Overall, the new developed RPB 
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model can successfully and effectively predict the CO2 capture process in the whole 

RPB, and this demonstrates the substantial potential of the model, with further 

validation, to be used for process optimization and design of the large-scale RPB for 

industrial PCC. 

7.1.3 Comparison between the RPB and CPB for PCC 

The RPB has been utilized in many industries, however, it has been rarely employed 

commercially for carbon capture due to a lack of understanding of how to operate a 

carbon capture plant with a large-scale RPB and the advantages over CPBs. Thus, a 

large-scale RPB with the outer packing diameter of 1.2 m has been computationally 

established in Chapter 6 according to the experimental parameters from a CPB pilot 

plant in order to compare with the CPB. The Eulerian porous medium method and 

various sub-models have been employed in order to effectively and extensively 

investigate the CO2 capture processes, including the hydrodynamics, thermodynamics 

and mass transfer in the RPB. In addition, the CO2 capture performance has been 

quantitatively compared in the RPB and CPB under different operation conditions.  

The simulation results show that the CO2 capture rate increases, but the liquid 

temperature decreases with the increase in the rotational speed due to the higher liquid 

specific heat and larger gas-liquid heat transfer resulting from the smaller liquid droplet 

diameter. At rotational speeds exceeding 600 rpm, the liquid flow rate could be 

decreased by 20% compared to that used in the CPB, all while maintaining a higher 

CO2 capture rate than what is achieved in the CPB. Even under the lowest employed 

rotational speed of 300 rpm, the liquid flow rate could be reduced by 40% when using 

the MEA solution with 50% concentration. In addition, under the same carbon capture 
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rate, the required volume of the packing in the RPB is only 20% when compared with 

the packing volume in the CPB. In conclusion, this new and important investigation not 

only demonstrates the feasibility and effectiveness of using the CFD method to study 

such large-scale RPB model, but also shows the advantages for the RPB to be 

industrially employed for PCC.  

7.1.4 Overall conclusion 

In order to pave the way for the RPB deployment for PCC, this thesis proposes a new 

and important approach for effectively modelling the complete CO2 capture processes 

in the multiscale and multiphase flows in the RPB using the Eulerian porous medium 

approach.  

In this thesis, the dispersion force models, including the capillary pressure and 

mechanical dispersion force models, have been developed in order to explore the effect 

of the liquid dispersion. Various sub-models have been employed along with the 

Eulerian method for effectively analyzing the CO2 capture processes, including the 

hydrodynamics, thermodynamics, and mass transfer, within a RPB. In specific, the 

effective interfacial area and the forces acting on the phases are separately introduced 

for the packing and the outer cavity zones. Also, based on the experimental data from a 

pilot plant using CPB, an important large-scale RPB has been established and operated 

under different conditions in order to quantitatively compare the CPB and RPB and 

provide useful information for the operation of the industrial RPB.  

It is shown that the use of the Eulerian porous medium approach could significantly 

save the computational resources and simulation time. Clearly, the dispersion force 
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could influence the liquid holdup within the RPB and the mechanical dispersion force 

is more sensitive to the length of the liquid nozzle when compared with the capillary 

pressure force. In addition, the operating and design parameters could affect the liquid 

dispersion. For instance, the liquid distribution and liquid holdup in the packing region 

could improve with the number of liquid nozzles increasing from 1 to 4. However, 

further increasing the number of nozzles tends to be less effective. The CO2 capture 

inside the whole RPB model has been comprehensively predicted, and the end-effect 

zone is observed near the inner packing region. However, the captured CO2 is small in 

this zone due to the small mass transfer area and local CO2 fraction in the gas phase as 

well as the low liquid temperature. The contribution of the outer cavity zone to the CO2 

capture is in the ranges of 28%~42% in the investigated RPB and these values may be 

dependent on the RPB sizes and designs. The effect of the operating parameters on the 

CO2 capture in the packing and outer cavity zone have been examined. For example, 

the simulation results show that the CO2 captured in the outer cavity zone increases as 

the MEA concentration increases, however, the MEA concentrations have little effect 

on the ratio of the mass transfer area in the outer cavity zone to the whole RPB. Also, 

the CO2 capture processes have been investigated in a large-scale RPB with an outer 

packing diameter of 1.2 m and this has been compared with the CPB. The results show 

that when using a higher MEA concentration solution (50%), the liquid flow rate could 

be reduced by 40% even under the lowest employed rotational speed compare with that 

used in the CPB. Also, the packing volume in the RPB is only 20% of that in the CPB, 

which could substantially reduce the capital cost and the area occupied. 

In conclusion, the main contributions of this thesis include: (i) the proposed new and 
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important method effectively models the liquid dispersion in the 3D RPBs. This could 

pave the way for modelling the industrial RPB model for PCC; (ii) various sub-models 

have been separately developed for thoroughly analyzing the physical and chemical 

processes in the packing and outer cavity zone, and this could accurately predict the 

CO2 capture performance; (iii) the process optimization of a large-scale RPB is 

performed and the quantitative comparison between the CPB and RPB is conducted, 

which would provide some valuable guidance for commercial application and operation 

of RPBs.  

7.2 Future work 

(i) This thesis mainly focuses on the CO2 capture processes using the RPB, and the 

regeneration process has not been considered. As a result, the energy consumption for 

the solution regeneration cannot be obtained. In order to better understand the RPB for 

CO2 capture process and compare with the CPB, the regeneration process should be 

considered in the future work.  

(ii) Due to the strong centrifugal force, the MEA solutions with a higher concentration 

can fluently pass through the packing, which have been utilized in the RPB. Although 

the solution with a higher MEA concentration favors the CO2 absorption, the greater 

trend for corrosion, degradation and foaming should be carefully considered before the 

PCC industrial application. 

(iii) The accuracy of the RPB model is highly dependent on the applicability of the sub-

models employed and therefore, careful validation of the model should be considered, 

especially when a very different packing is employed for the RPB.  
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(iv) The dynamic contact angle (𝛽 ) in the the effective interfacial area model is 

determined by comparing the simulation results and the experimental data in this thesis. 

However, this parameter is related to the material texture of the packing surface, 

solution properties, rotational speed, etc. In order to obtain a more accurate prediction, 

this angle should be further investigated. 

 (v) Only the wire mesh packing is taken into consideration, and a porous resistance 

model customized for this particular type of packing is introduced in this thesis. 

However, other packing types, such as the foam packing, should be considered and the 

corresponding porous resistance models should be developed. 
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