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ABSTRACT 

INVESTIGATION OF THE STRUCTURED PACKING SURFACE TEXTURES 

INFLUENCE ON CO2 ABSORPTION USING OPENFOAM 

Phanindra PRASAD THUMMALA 

Department of Environmental Engineering, 

Anadolu University, Graduate School of Sciences, June, 2018 

Supervisor: Prof.Dr. Ümran TEZCAN ÜN 

(Co-supervisor: Asst.Prof.Dr. Ahmet Ozan ÇELİK) 

The scope of the present thesis is to effectively utilize the OpenFOAM (open source 

CFD software) to study influence of structured packing surface textures on absorption of CO2 

and find possibility of developing improved surface texture(s). The work mainly focuses on the 

three aspects: implementing an effective approach in OpenFOAM for modeling reactive mass 

transfer of CO2, deriving the surface texture design parameters that can influence the overall 

mass transfer and suggest a possible new surface texture design. 

CFD modeling of structured packing is carried in three scales: small-, meso- and large 

scales. Small scale analysis is carried to study the influence of micro scale phenomenon on the 

performance of the packing. Meso-scale analysis is usually carried to study the dry and wet 

pressure drop using representative elementary units (REU). Large scale analysis is carried to 

study the liquid distribution over a full scale column by modeling the column as porous 

medium. 

This thesis focuses on small and meso scale. The novelty of the present thesis is in 

implementing the one fluid formulation for modeling the mass transfer across gas liquid 

interface along with developing user code required for effective post-processing. This thesis 

proposes a best practice of keeping “amplitude to base ratio of a texture <0.2” for designing the 

surface textures. A new texture was proposed and verified experimentally for its effectiveness in 

producing higher interfacial area. Also this thesis presents results of pressure drop analysis by 

considering detailed surface texture geometry at meso-scale for the first time. 

Keywords: OpenFOAM, Surface texture, Amplitude to base ratio, Pressure drop, Structured 

packing column. 
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Özet 

OPENFOAM KULLANARAK YAPILANDIRILMIŞ DOLGU YÜZEYİNİN 

CO2 ABSORBSİYONU ÜZERİNDEKİ ETKİSİNİN İNCELENMESİ 

Phanindra PRASAD THUMMALA 

Çevre Mühendisliği Bölümü, 

Anadolu Üniversitesi, Fen Bilimleri Enstitüsü, Haziran, 2018 

Danışman: Prof.Dr. Ümran TEZCAN ÜN 

(İkinci Danışman: Doç.Dr. Ahmet Ozan ÇELİK) 

 Bu tezin amacı, OpenFOAM'ı (açık kaynaklı Hesaplamalı Akışkanlar dinamiği (HAD) 

yazılımı) etkin bir şekilde kullanarak, yapılandırılmış dolgu yüzeyinin CO2 absorbsiyonu 

üzerindeki etkisini incelemek ve yeni yüzey dokusu geliştirilme imkanı bulmaktır. Çalışma 

başlıca üç alana odaklanmıştır: CO2'in reaktif kütle transferini modellemek için OpenFOAM'da 

etkili bir yaklaşımın uygulanması, tüm kütle transferini etkileyebilecek yüzey dokusu tasarım 

parametrelerinin türetilmesi ve olası yeni bir yüzey tasarımının önerilmesidir. 

 Yapılandırılmış dolgulunun HAD modellemesi üç ölçekte yürütülmektedir: küçük, orta 

ve büyük ölçekler.Küçük ölçekli analiz dolgunun performansında mikro ölçekli fenomenlerin 

etkisini belirlemek için yürütülmektedir. Mezo-ölçekli analiz genellikle Temsilci Temel 

Birimler (TTB) kullanarak kuru ve ıslak basınç düşüşünü inceleyerek yürütülür. Büyük ölçekli 

analiz tam ölçekli kolon üzerinde sıvının dağılımını kolonu gözenekli ortam olarak 

modelleyerek yapılır. 

 Bu tez küçük ve mezo ölçeğe odaklanmıştır. Bu tezin özgünlüğü, etkili bir işlem sonrası 

işlemler için gerekli olan kullanıcı kodu geliştirerek gaz sıvı ara yüzünde kütle transferinin 

modellenmesi için bir akışkan formülasyonunun uygulanmasındadır.  Bu tez, yapılandırılmış 

dolgulu kolonunun yüzey dokusunu modellemede “genlik/taban oranını <0.2” tutulmasını 

önermektedir. HAD kullanılarak yeni bir doku geliştirilmiş ve daha yüksek ara yüzey alanı 

oluşturmadaki etkinliği için deneysel olarak doğrulanmıştır. Ayrıca bu tez, ilk kez mezo-ölçekte 

detaylı yüzey doku geometrisi göz önüne alınarak yapılandırılmış dolgulu kolonunun basınç 

düşüşü analiz sonuçlarını sunmaktadır. 

 

Anahtar Kelimeler: OpenFOAM; Yüzey dokusu; genlik/taban oranı; basınç düşüşü; 

yapılandırılmış dolgulu kolon. 
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NOMENCLATURE 

 

 

 

 

 

 

 

 

 

 

 

 

C           : molar concentration [mol/m
3
] 

D           : mass diffusivity [m
2
/s] 

d            : hydraulic diameter [m] 

F            : mass flux [mol/m
2
-s] 

g            : acceleration of gravity [m/s
2
] 

H           : Henry constant [-] 

k            : liquid side mass transfer coefficient [mol/Pa.s.m
2
] 

L            : length of the flat plate [m] 

R           : universal gas constant [Pa.m
3
.mol

-1
.K

-1
] 

T            : temperature [K] 

v            : velocity [m/s] 

x            : mole fraction in solvent 

z            : distance of grid cell from wall [m] 

λ            : base width[m] 

A           : half of the Amplitude of the texture height[m] 

α            : volume fraction[-] 

ρ            : density [kg/m
3
] 

µ            : viscosity [Pa s] 

β            : plate inclination angle [degree] 
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θ            : contact angle between liquid and solid wall [degree] 

τ            : time of exposure [s] 

k            : surface curvature [m
-1

] 

σ            : surface tension coefficient [Nm
-1

] 

δ            : liquid film thickness[m] 

G           : gas phase 

L            : liquid phase 

st           : surface tension 

w           : wall 

i             : interface 

Re          : Reynolds number 
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1. INTRODUCTION 

 

 Carbon dioxide (CO2) is one of the major greenhouse gases which are released 

to earth’s atmosphere by human activity. Out of them majority of the CO2 emission is 

from power plants consuming fossil fuels  (IPCC 2005). Generally these kinds of 

emissions are referred as post combustion emissions. Using renewable energy sources 

will be the best way to reduce these emissions to zero, but the cost of energy produced 

by these technologies is expensive when compared to energy produced by consuming 

fossil fuels (Viebahn et al. 2012). Hence keeping the reduction of renewable energy cost 

as long term goal there is an urgent need to develop technologies which can capture the 

CO2 at the source, before being released to atmosphere. 

 Reactive absorption is the absorption process enhanced due to the presence of 

chemical reactions in the liquid solvent (Yildirim et al. 2012). Reactive absorption of 

CO2 using amine solvents like monoethanolamine (MEA, C2H7NO) is one of the best 

economically feasible method for capturing the CO2 (Aaron & Tsouris 2005). This kind 

of technology can be readily integrated into existing power plants and is going to be the 

most preferable method for post combustion CO2 mitigation by 2030 (Rochelle 2009). 

Typical post combustion amine scrubbing process or post combustion carbon capture 

(PCC) process integrated into natural gas combined cycle (NGCC) power plant looks 

like Figure 1.1 (Biliyok & Yeung 2013). 

 

Figure 1.1 Process flow diagram of integrated NGCC, PCC and compression plant 
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 The PCC process consists of two columns: absorber and regenerator. The 

absorber is a packed column filled with random or structured packing. The flue gas with 

CO2 is injected in to the absorber from the bottom and the amine solvents are poured 

into the column from the top in a counter current fashion. The solvent will come into 

contact of the flue gas and reactive absorption of CO2 takes place at the interface of the 

two fluids under flow. The CO2 rich solvent leaving the absorber is then poured into 

regeneration column where in which the solvent is regenerated. The regeneration 

process cost nearly 60% of the total cost of PCC (Mores et al. 2012). Despite of the 

chemical penalty involved, the reactive absorption is found to be the most promising 

approach especially after the successful operation of Boundary dam project in Canada 

(Stéphenne 2014). This project began operating in the fall of 2014 and is the world’s 

first commercial coal fired post combustion carbon capture project. 

 In general the structured packing columns are preferred over random packing 

due to small pressure losses and better efficiency (Yang et al. 2015). The structured 

packing columns are made of corrugated sheets that may have been chemically treated 

or mechanically roughened in order to improve wetting or promote wetting 

stability(Henry Z. Kister 1992; Zhao & Cerro 1992) . Hence in a structured column two 

kinds of structures can be identified: first, there is a macro-structure generated by 

corrugation (Figure 1.2 (a) & Figure 1.2 (b)(Nawrocki et al. 1991); The size of the base 

(2B) of these macro structures is generally in the order of 0.01 to 0.03m); and the 

second kind of structure is micro-structure which is associated with the surface 

treatment (Figure 1.3; the size of these micro structures is in the order of 0.001m). 

These micro structures are generally referred as “surface textures” due to their 

association with the surface of the sheets. The micro structures are found to enhance 

mass transfer by 20-100% (Kohrt et al. 2011). 
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Figure.1.2 (a): Six layers of commercial FLEXIPAC structured packing (b) Flow channel arrangement of 

structured packing (c) Structured packing sheets with micro-structure 

1.1 Thesis Subject and Objectives 

 The scope of the present thesis is to effectively utilize the OpenFOAM (Open 

source Field Operation and Manipulation) (Jasak & Weller 1995; Rusche 2002), an 

open source CFD (Computational Fluid Dynamics) software, to study influence of 

structured packing surface textures on absorption of CO2 by reactive mass transfer into 

MEA solvent. Also find out possibility of developing improved surface texture(s). 

Overall the end results will be effectively useful for any future investigations related to 

designing of surface textures of structure packing columns for absorption. 

 Multiphase flow occurs in a wide spectrum of industrial reactor applications 

ranging from bubble columns, packed bed/trickle bed reactors and fluidized bed 

reactors. These reactors generally involve complex flow of two or more immiscible 

fluids across which the mass transfer takes place. Also the mass transfer in some cases 

is accompanied by chemical reactions, sometimes in the presence of solid catalysts, to 

enhance the rate of mass transfer. The analysis of these multiphase flows can be tackled 
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in three ways: by means of experimental work, with theoretical equations or using 

numerical models. Numerical methods are preferred over the experimental works for 

reducing the design phase expenses at small size lab scale investigations. They are 

preferred because of their ability to assess flow characteristics that cannot be accessed 

using experimental techniques. In the case of chemical absorption in structured packing 

columns, numerical models can be used to quantify aspects such as liquid film thickness 

and velocities, concentration profiles of chemical species within the liquid film, dry and 

wet pressure drop of the packing, liquid holdup, liquid spreading and interfacial area per 

unit volume of packing. All these features would be practically impossible to analyze 

inserting probes into the experimental devices without interfering with the flow. 

Experimental pilot setups are then developed on the basis of designs optimized by 

numerical methods and tests will be carried to find the suitability of developed designs 

for industrial applications.  

 In general numerical studies are carried at three different scales: small scale, 

meso-scale and large scale. The results of one scale can be used as a feed to another 

scale. The influence of surface texture that is of interest to the present thesis involves 

analysis at small and meso-scale due to its size. Hence a detailed overview of various 

approaches along with their capabilities used in the hydrodynamic analysis at these 

small and meso scales will be presented in Chapter 2. Also in the last decades many 

approaches were developed for modeling the mass transfer accompanied with and 

without reactions and a detailed discussion will be presented about these approaches in 

Chapter 2. This discussion helps in choosing the most appropriate approach for 

modeling the mass transfer in the present thesis. 

 In this thesis, OpenFOAM open source CFD software written basically in C++ is 

used to run simulations. Many features required for hydrodynamic and thermal analysis 

are available by default in this software. But a limited number of features are available 

for CFD analysis of mass transfer across immiscible phases. Hence the mass transfer 

model chosen from literature is implemented as an additional equation into the existing 

library. Also additional functions were developed to derive the most important aspects 

like film height, interfacial area and liquid hold up from the simulation results. Along 

with the development of these features a methodology was developed to reduce the 

overall computational resource time which is very important for analysis involving 

multiphase flow simulation. 
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 The present thesis is thus dedicated to develop and implement additional 

functions required to model the mass transfer across immiscible phases, effectively use 

the resulting equations in analyzing the influence of surface textures on CO2 absorption 

in structured packing columns, use the model equations to develop improved surface 

textures and propose limitations (if any) in this regard. The analyses of results 

specifically focus on the: 

 Correct derivation of liquid hold up, film height distribution and interfacial area 

through developed additional functions 

 The influence of surface texture’s amplitude to base ratio on the film growth and 

mass transfer  

 The influence of surface texture on the interfacial area under rivulet flow 

conditions to find the amount of actual solid area covered by liquid phase  

1.2 Elements of Novelty: 

 The present thesis aims in introducing following new results regarding the 

development of surface texture by effectively utilizing CFD modeling: 

1. This thesis discuss the most reliable approach called one fluid formulation for 

modeling the mass transfer across immiscible phases and suggests methods to 

overcome limitations found during its implementation in OpenFOAM. Also a 

procedure is suggested to reduce the overall computational resource required for 

simulating the system of equations  

2. This thesis proposes a best practice of keeping “amplitude to base ratio of a 

texture <0.2”. A new texture was developed and verified by CFD for its 

effectiveness of producing higher interfacial area at low liquid hold up when 

compared with existing commercial packing textures. 

3. This thesis provides additional code that can be coupled to OpenFOAM library to 

visualize film height, liquid hold up and interfacial area.  

4. This thesis derives the pressure drop by considering detailed surface texture 

geometry at meso-scale for the first time. 

 In short this thesis aims at presenting an integrated CFD approach using which 

new surface textures can be developed for structured packing columns used in post 

combustion CO2 absorption units. 
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1.3 Progress of Research 

 This research begins with literature survey of technologies available for CCS by 

absorption and kinetics of reaction between CO2 and amine solvents. Also the literature 

survey was focused on familiarization with the current modeling strategies along with 

their advantages and limitations. 

A most reliable approach “one fluid formulation” for modeling mass transfer 

was chosen from open literature and was implemented in OpenFOAM. The chosen 

approach was based on “geometric reconstruction method” of representing the interface 

whereas the OpenFOAM is based on “algebraic method” of interface representation 

(details in Chapter3). Hence there were challenges in its implementation and deriving 

effective results. These limitations and a methodology to overcome some of them were 

investigated in the initial period of research. The analysis was carried initially on the 

simple geometries and validation was carried against the available results from the 

literature. The systems of equations were then applied for a flow over flat plate domain 

where gas liquid flow in counter current direction. This is a prerequisite step to find out 

the advantages and limitations of the current approach to model mass transfer over a 

structured plate. During this a procedure to overcome the difficulties like reducing 

computational resource was developed. Thereupon the system of equations were 

utilized effectively in order to find the effect of various design operating parameters of a 

surface texture on the mass transfer between gas liquid phase. The analysis was carried 

on triangular texture patterns of commercially available structured packing columns like 

Mellapak 250 and wave pattern developed and published in open literature. The analysis 

had resulted in the formulation of a best practice of “amplitude to base ratio <0.2” for 

designing a new texture. This was first of its kind of study carried using CFD. A new 

texture was developed using this best practice and was the verified by CFD for 

producing higher interfacial area at low liquid hold up when compared with existing 

commercial packing textures. Finally pressure drop analysis was carried at meso-scale 

by considering detailed geometry and detail analysis of the results were presented. Also, 

an experimental investigation using PIV (Particle Image Velocimetry) technique was 

carried for various solvents of interest to CO2 absorption and bench mark results were 

produced for validating existing and future investigations.  
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1.4 Structure of Thesis 

 The work carried till date is organized into eight chapters and an appendix 

chapter. The appendix chapter show the code for implementation of “one fluid 

formulation” and code for deriving the results like film height, interfacial area and 

liquid holdup. The first four chapters form the foundation of the thesis and results are 

presented in the later chapters. 

 Overall the current report is organized as follows: 

 Chapter1 introduces the context of the PhD and describes the importance of 

surface textures influence on the overall performance of the structured packing 

column. Also the chapter introduces the  objectives of the thesis, the elements of 

novelty and the progress of research till date 

 Chapter 2 constitutes the literature survey. The chapter gives a brief review of 

various works carried and published in open literature from the perspective of 

structured packing surface textures influence on CO2 absorption. Also, various 

approaches used in CFD modeling of hydrodynamics and reactive mass transfer 

on structured columns with surface textures are discussed in detail. 

 Chapter 3 gives an overview of mathematical theory of multiphase flows and the 

modeling of reactive mass transfer by ‘one fluid formulation’ in detail. Also the 

chapter discuss the fundamental difference between the “geometric reconstruct 

algorithm” used in commercial and “algebraic algorithm”   used in OpenFOAM 

for constructing the gas-liquid interface surface. Since the original “one fluid 

formulation” was developed by “geometric reconstruct algorithm”, an 

understanding of the mathematical difference is required to effectively utilize 

this approach. Also this chapter includes the details of validation of the 

implemented model with the results available in the open literature.  

 Chapter 4 presents the results of physical mass transfer on flat plate by the 

system of equations and discuss the advantages and limitations in detail. Also 

procedure to overcome these limitations is suggested.  

 Chapter 5 presents results of the applied model on commercial surface textures 

and deriving a best practice for designing a new texture surface 

 Chapter 6 presents the results of the MEA solvent distribution on the flat, plate 

with commercial texture pattern and a developed new and improved texture 
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pattern. It also clearly shows how the new texture pattern is a significant 

improvement in terms of producing high interfacial area at low liquid hold up. 

 Chapter 7 presents pressure drop analysis at meso-scale considering the detailed 

geometry of surface textures 

 Chapter 8 presents final remarks along with outlining of the future research 

work which is of scientific significance that can be carried as an extension of 

this thesis.  

 Appendix  

o OpenFOAM code for “one fluid formulation” 

o Post processing code for deriving the film height, interfacial area and 

liquid hold up. 
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2. LITERATURE REVIEW 

 

 This chapter presents a critical discussion of previous literature about the 

modeling of structured packing columns using three scale approaches, highlighting their 

advantages and limitations. Also the influence of the surface textures on reactive mass 

transfer in structured packing columns is discussed in detail. The aim of the review is to 

find the potential gaps in research. Since the novelty of the thesis lies in developing a 

possible new surface textures by using CFD modeling of physical and reactive mass 

transfer, a detail discussion of the available literature in regard to CFD modeling of 

physical and reactive mass transfer is also presented. Discussion of available approaches 

for modeling of reactive mass transfer is emphasized along with their advantages and 

disadvantages. 

2.1 CFD Modeling of Hydrodynamics of Structured Packing with Surface Textures 

 Two approaches exist to tackle multiphase modeling: the Euler-Euler and the 

Euler- Lagrange approach. In the Euler-Lagrange approach the Navier-Stokes equations 

are solved for the continuous phase whereas a number of particles of the dispersed 

phase are tracked, exchanging mass, momentum and energy with the continuous phase. 

This approach is not appropriate in general for any application in which the volume 

fraction of the secondary phase cannot be omitted, i.e. such is the case of free-surface 

flows. On the other hand, in the Euler-Euler approach the concept of volume fraction of 

the different phases is introduced, which makes this approach suitable to track the 

interface between the fluids involved. The volume fraction constitutes a field of scalar 

values in space and time. The sum of the volume fraction of all the phases cannot be 

over one. Three different Euler-Euler models can be used in CFD:  

 The VOF model (Hirt & Nichols 1981; Fluent Inc. 2011) solves a single set of 

momentum and mass conservation equations which is shared by the fluids. The 

interface is tracked using an additional transport equation for the volume 

fraction. This method is used when the tracking of the interface is interesting as 

it is the case in the present thesis. 

 The mixture model also treats the phases as interpenetrating continua and 

prescribes relative velocities between the dispersed and the primary phase. This 

model is used for particle-laden and bubbly flows with low loading. 
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 The Eulerian model solves a set of momentum and mass conservation equations 

for each phase, coupling them with the interface exchange coefficients. The 

application range of this model is similar to that of the mixture model, including 

also fluidized beds and sedimentation. 

 The simulations performed in this thesis utilize the VOF method for the 

interface tracking of the free-surface flow within amine scrubbers. 

 

2.2 Multi-scale Modeling of Structured Packing Columns 

 Even though the calculation power of modern computers has increased in multi 

fold in the last decades simulating the structured packing column with all the geometry 

details stands expensive. Multi-scale strategy is adopted and proven to be the best 

approach for simulating the structured packing columns by CFD (Sun et al. 2013; 

Raynal & Royon-Lebeaud 2007; Li et al. 2016).  

 The three scale strategy applied for CFD simulation of structured packing bed is 

shown in Figure 2.1 and is summarized below: 

 Small-scale, consists of small 2D or 3D computational domains, often in the 

range of millimeters and up to about 10 centimeters. At this scale it is possible to 

implement an interface tracking method without an excessive computational cost 

due to the small size of the domain. Therefore, it is possible to describe the 

interaction between phases, solving aspects such as liquid spreading and reactive 

mass transfer. Also the simplicity of the geometry allows the user to implement 

a structured mesh, which considerably reduces the required computational time. 

 Meso-scale models consist of a limited set of representative elementary units 

(REUs), normally used to analyze dry pressure drop by means of single-phase 

simulations, i.e. including only the gas phase. A small set of REUs presents the 

same dry pressure drop per unit length as the entire column. This is used to 

assess the performance of the structured packing in this regard. After the dry 

pressure drop is obtained, the wet pressure drop can be calculated using 

correction factors that take into account the effect of the presence of the liquid 

phase. 

 Large-scale models simulate the entire reactor assuming that the structured 

packing behaves as a porous medium with a high void fraction, i.e. with the 

porosity in the range of 0.95–0.98, in terms of liquid spreading. Large-scale 
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simulations can also be used to study the influence of the different geometrical 

features such as liquid distributors, walls, etc. on the gas flow patterns. 

 

 A description of the CFD work done so far at the aforementioned different 

scales is included in the subsequent sections. 

 

 

Figure 2.1: The three scale strategy successfully applied for CFD simulation of structured packing 

beds(Raynal & Royon-Lebeaud 2007) 

2.2.1 Small-scale modeling 

 Small-scale modeling focuses mainly on tracking the interface between the 

fluids using small computational domains. By doing so, important flow features like 

liquid hold-up, interfacial area and the interaction between phases can be described in 
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great detail, e.g. influence of geometric surface texture, diffusion of species into the 

liquid film, formation of droplets, waves and other liquid structures, etc (Min & Park 

2011; Valluri et al. 2005; Wehinger et al. 2013; Luo et al. 2014). Following discussion 

of the literature on small-scale modeling that follows focuses first on the 

hydrodynamics and continues with the reactive mass transfer. 

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

simulations. 2D simulations offer the possibility of studying texture patterns on the solid 

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

thickness and reactive mass transfer can be assessed (Valluri et al. 2005; Haroun & 

Raynal 2016). The liquid hold-up is thereafter calculated assuming that a perfectly 

developed liquid film covers the entire surface of the packing. The liquid hold-up is thus 

obtained multiplying the liquid film thickness from the simulations by the specific area 

of the packing. 3D simulations extend the capabilities of 2D, allowing assessing the 

formation of liquid irregularities (i.e. rivulets and droplets) that strongly influence the 

amount of interfacial area and the absorption rate (Li et al. 2016). The formation of 

liquid irregularities within the liquid phase is known as liquid maldistribution and 

involves the calculation of the gas liquid interface. 

 An attempt to use small-scale VOF simulations to determine the liquid hold-up 

on structured packing was carried out by Raynal and Royon-Lebeaud (Raynal & 

Royon-Lebeaud 2007). The authors consider a 2D computational domain with both a 

smooth wall and a wavy corrugation pattern simulating the texture of the wall along 

which the falling liquid film is developed. The two surface texture patterns used by the 

authors can be observed in Figure 2.2. The fact that the liquid film thickness has the 

same order of magnitude as the amplitude of the texture in the walls, i.e. approximately 

0.3 mm, brings the hypothesis that the texture itself can heavily influence the 

development of the liquid film and the mass transfer (Kohrt et al. 2011). Apart from the 

substantial increase in the computational resources that the VOF model requires, the 

fact that a sufficiently fine mesh has to be applied in those areas of the domain where 

important gradients are to be found, constitutes a justification of the three-scales 

strategy. As a matter of fact, such degree of detail provided by a very refined mesh at 

the vicinity of the wall could not be attained in meso- or large-scale domains. 
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Figure 2.2: Triangular and wavy surface texture patterns simulated by CFD in two dimensions 

 (Raynal & Royon-Lebeaud 2007) 

  

 The results obtained with the wall texture are in closer agreement with the 

experimental values than the results for the smooth wall. Discrepancy between 

experiments and between the film thicknesses obtained by both surface textures was 

found inevitable. Also, an analysis of the velocity field inside the liquid film had shown 

recirculation zones at the valleys of the corrugation. All these results had shown the 

authors that the higher liquid hold-up obtained in the simulations with rough walls 

compared to smooth walls is due to the presence of liquid in the valley regions and was 

useful in understanding the difference in the liquid holdup of smooth versus textured 

structured columns. The appearance of those recirculation zones suggests the 

occurrence of two different components that added to one another result in the total 

liquid hold-up: the static and the dynamic liquid hold-up. Later, Zakeri et al (Zakeri et 

al. 2012a) also suggested the appearance of the static and dynamic components. They 

defined the static liquid hold-up as the amount of liquid phase that cannot be renewed 

with the flow since it remains stuck at corners and dead spots. 

 The 2D approximation used presents a clear disadvantage of underestimating the 

liquid maldistribution that can occur in 3D simulations. This is so because the geometry 

of the domain itself can vary depending on the cross-section considered on the packing. 

Also, 2D simulations use strict counter-current flow inside the domain whereas a 

complicated combination of co- and counter-current flow regimes actually takes place 
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in a complex geometry such as a structured packing, with channels forming a particular 

angle with the vertical and between confronted channels belonging to different metallic 

sheets. To overcome the drawbacks presented by 2D simulations, Zheng et al (Zheng et 

al. 2013) studied the flow in an entire channel. The study is a first approximation to the 

development of an interface tracking model at meso-scale, but with a focus on 

hydrodynamics, analyzing liquid film thickness and pressure drop by not considering 

the actual repeating pattern in the packing. 

 Other works at small-scale includes CFD simulations of the liquid film 

formation over an inclined metallic plate. For instance, Iso et al (Iso et al. 2013) 

analyzed the wetting regimes achieved in the experiments as a function of the liquid 

load and concluded that the amount of area of the plate covered by the liquid depends 

on Weber number which  is a function between gravity and the surface tension. 

According to the authors, large values of the Weber number result in a better liquid 

spreading whereas the interfacial area tends to the minimum energy state when surface 

tension prevails over gravity, resulting in the formation of round structures such as 

rivulets. Surface textures were found to help in avoiding the fluid channeling and 

increasing the amount of area available to produce mass transfer. The authors, in this 

work, also conducted an experiment analysis at pilot scale to check whether or not the 

assumption of including a particular texture on the surface of the packing could improve 

the CO2 separation performance. The experiments confirmed the hypothesis of a better 

absorption rate for the textured pattern. 

 The liquid maldistribution phenomenon due to the prevalence of adhesive forces 

over cohesive forces is therefore found to be the most important flow characteristics that 

can be clearly observed at 3D small-scale CFD simulations. A significant amount of 

work has been found in the literature  (Fourati et al. 2012; Aferka et al. 2011; Janzen et 

al. 2013) dealing with the visualization of the irregular distribution of liquid within the 

plate by measuring the liquid hold-up and the liquid spreading with gamma-ray, neutron 

radiography and X-ray tomography. The occurrence of liquid maldistribution was also 

tested by Oluji´c and Jansen (Olujić & Jansen 2015) , who support the fact that surface 

tension is a key factor in the distribution of liquid over a packing material.  

 The small-scale numerical studies described above had been focused mainly on 

the hydrodynamics and the tracking of the gas-liquid interface. It can be clearly 

observed that the small-scale analysis itself is adequate to implement reactive 
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absorption and to test its effects inside the liquid film by contrast with the 

implementation of chemical reactions that has been already observed at large-scale 

.However the number of works in relation to the reactive mass transfer at small or meso 

scale area few. It can be due the difficulty in the localized measurement of 

concentration distribution and film thickness at micro scales where as at large scales it 

is easier to measure the gas liquid concentrations at inlet and outlet of the reactors. 

 One of the preliminary works regarding the micro-scale reactive mass transfer 

was carried by Hu et al., (Hu et al. 2014) . They found that the interfacial mass transfer 

is a dependent of the vorticity in the vicinity of the interface. They also found that there 

exist two types of vortices, wall bounded vortices and interfacial vortices which can 

highly influence the reactive mass transfer of CO2. Others attempts include the 

modeling of reactive mass transfer in a vertically falling film by Haroun et al (Haroun et 

al. 2010), direct numerical simulation of inter phase heat and mass transfer in 

evaporating flows by Haelssig et al (Haelssig et al. 2010) and Micro scale CFD 

modeling of reactive mass transfer in falling films by Sebastia-Saez et al. (Sebastia-Saez 

et al. 2014) and experimental and CFD studies on the effects of surface texture on liquid 

thickness, wetted area and mass transfer in wave-like structured packing by Yu et al., 

(Yu et al. 2018) . The first two are limited to two dimensional analyses and thus doesn’t 

include the effect of liquid maldistribution on mass transfer. In their work, the authors 

present an analysis of the concentration profiles within the liquid film for a generic 

second order chemical reaction. The influence of the Hatta number and the contact time 

between the phases is observed in the results obtained. The concentration profiles 

obtained were classified into three regimes: one with an enhancement factor 

approximately equal to one, where the occurrence of the chemical reaction has no effect 

on the absorption rate; a second regime with a behavior comparable to a first order 

reaction, hence the name pseudo-first order regime; and a third regime in which the 

enhancement factor is higher than one but does not vary with the Hatta number 

anymore. 

 The later studies were on the 3D surface with and without surface textures on 

the mass transfer of O2, but with the size of the surface texture fixed. In their studies, 

the mass transfer modeled as a source term which is a product of the mass transfer 

coefficient, derived from two film theory (Higbie 1935a), and the concentration 

gradient, where in which the concentration at the gas-liquid interface was calculated as a 
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fixed constant from the Henry’s solubility law . The later studies clearly emphasized a 

need of detailed analysis to study the influence of geometric parameters of surface 

textures on liquid maldistribution and CO2 mass transfer. 

 
2.2.2 Meso-scale modeling 

 Modeling and analysis of dry and wet pressure drop has been the main aim of 

meso-scale studies. The use of representative elementary units (REU) results in the 

same pressure drop per unit length which is obtained by using full length column (Said 

et al. 2011; Petre et al. 2003; Hosseini et al. 2012; Li et al. 2016; Fernandes et al. 2009; 

Armstrong et al. 2013; Owens et al. 2013; Ding et al. 2015; Sebastia-Saez et al. 2014; 

Lautenschleger et al. 2015). The pressure drop in general is calculated in analogy with 

Darcy-Weisbach equation (Brown 2002) which predicts the pressure drop as a function 

of friction factor. The friction factor coefficient is obtained by curve fitting the 

experimental data and is many times unique to the geometry under evaluation. 

 Petre et al (Petre et al. 2003) presented the different types or REUs that can be 

observed in Figure 2.3. The most used REU is the one shown in Figure 2.3a, which 

corresponds to the bulk of the packing, being the others a representation of the 

geometries found near the column walls, below the liquid distributor at the top part of 

the column, etc.  

 Li et al (Li et al. 2016) has proposed a simple REU of the Figure 2.3(a), which is 

similar to the REU model proposed by Hosseini et al (Hosseini et al. 2012) , as shown 

in the Figure 2.4. In the current thesis, this model of REU was used for meso-scale 

analysis.  
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Figure 2.3: Typical REUs approximating corrugated-sheet structured packings. (a) Montz B1-250 M; 

 (b) Montz B1-250.45/B1V; (c) entrance region REU (mechanism i); (d) criss-crossing junction REU 

(mechanism ii); (e and e’) interlayer transition REU (mechanism iii);  

(f) channel-wall transition REU (mechanism iv). 

 

   

 

Figure 2.4: Meso-scale 3D computational model (Li et al. 2016) 
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 Majority of the work reported in the open literature in regard of pressure drop 

has been experimental. Correlations were derived which are case specific and are 

available in abundant (Zivdar et al. 2006; Zakeri et al. 2012b; Rix & Olujic 2008; Li et 

al. 2016). The dry pressure drop can be derived as a sum of two components: the drag 

component and friction component. The drag component is due to the resistance offered 

by column walls and the transition regions between the packing sheets whereas the 

friction component is due the resistance offered by porous metallic packing sheets. It is 

observed that in the structured packing beds the frictional resistance is dominant when 

compared with the drag component of the pressure drop. 

 Said et al (Said et al. 2011) studied the pressure drop due to the friction term in a 

reduced number of REU and established a correlation for the pressure drop as a function 

of the dimensions of the packing itself. The influence of several turbulence models was 

also assessed. Boccardo et al (Boccardo et al. 2015) presented a new methodology, 

which according to authors, that is effective in terms of time and computational 

resource. The geometry is reproduced with the open source computer graphics code 

BlenderTM allowing users to build more complex geometries. The methodology is 

applied to the prediction of the void fraction inside the bed and the dry pressure drop. 

Recently Li et al (Li et al. 2016) studied dry and wet pressure drop for the effect of 

angle of inclination of corrugations of the structured packing and obtained the pressure 

drop as a function of kinetic energy of the gas. The authors have compared their results 

with commercial Mellapak 125X packing series. The authors have also studied the 

effect of pressure drop for wave type surface texture that was built by their own 

research group. Figure 2.5 depicts a typical pressure drop as a function of square root 

term of kinetic energy of gas. Since a square root term of gas is involved non linear 

behavior can be seen. This term is usually referred as F-factor in literature. 
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Figure 2.5 : Pressure drop vs F-Factor in High capacity structured packing simulated for various 

turbulence models (Amini et al. 2016) 

 
 Wet pressure drop is generally obtained using empirical correlations which are 

used to correct the dry pressure drop. The wet pressure drop is always higher than the 

dry pressure drop. The higher value is due the reduction in the area available for gas 

flow due to the presence of the liquid film which enhances the gas phase velocity 

locally. Alternatively the wet pressure drop is calculated by the widely accepted 

procedure (Sebastia-Saez et al. 2014; Li et al. 2016) suggested by Fernandes et al 

(Fernandes et al. 2009). The procedure involves simulating the wet pressure drop by 

solving a pseudo-single gas phase simulations using corrected velocity value calculated 

for the liquid holdup values of the respective structured packing columns. This 

procedure was adopted in the current thesis for calculating the wet pressure drop for 

structured packing columns at meso-scale simulations.  

 The assumption in the Fernandes et al is fully developed film flow which was 

found inadequate as the liquid maldistribution effects are neglected (Sebastia-Saez et al. 

2014) . Sebastia-Saez et al (Sebastia-Saez et al. 2014) found that the wet pressure drop 

values need to be corrected by appropriately calculating the liquid hold up values, 

especially in case of liquid maldistribution, in order to find the corrected gas velocity 

values. They have suggested that the liquid holdup be computed as a function of liquid 

volume fraction to computational grid cell volume. However the simulations carried by 

Sebastia-Saez et al (Sebastia-Saez et al. 2014) were confined to structured packing with 

plane corrugation sheets. In the work carried by Li et al (Li et al. 2016)  with wave type 
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surface textures averaged liquid film thickness was extracted from 2D simulations and 

used for calculating the wet pressure drop . They haven’t considered the procedure 

suggested Sebastia-Saez et al (Sebastia-Saez et al. 2014) for calculating the liquid hold 

up using additional computational code.  

 In conclusion it can be clearly seen from the literature that there is a gap in terms 

of research at the meso-scale level in terms of including the detailed effect of surface 

textures on the pressure drop by considering the effects of liquid maldistribution in 

detail. In this thesis the effect of surface textures on the liquid hold up value are 

calculated by the procedure suggested by Sebastia-Saez et al (Sebastia-Saez et al. 2014) 

and pressure drop values were calculated for the REU model. The hold-up was 

calculated by writing and integrating appropriate code into the existing code of 

OpenFOAM. Details are given in Chapter 7 and Chapter 8 of this thesis. 

 

2.2.3 Large scale modeling 

 As explained in previous sections, the liquid holdup play dominant role in the 

overall performance of structured packing columns. It directly influences the pressure 

drop which is one of the cost effecting parameters in the post-combustion CCS 

facilities. The studies in regard to pressure drop have been confined mostly to small and 

meso-scale due to the computational expenses required utilizing the VOF tracking 

methods at large scale domains. However there are attempts in the literature to use CFD 

by representing the gas-liquid flow by Eulerian two fluid model where the two phases 

are assumed interpenetrating and thus the effect of interface is captured inadequately.  

In this regard, Fourati et al (Fourati et al. 2012) expanded their study with gamma-ray 

tomography taking a correlation used by Lappalainen et al (Lappalainen et al. 2009) to 

predict the variation of the liquid hold-up as a function of the viscosity. Figure 2.6 

shows the results obtained in the experimental work from the authors (Fourati et al. 

2012).  

 Each horizontal series of images represents the liquid dispersion found in cross 

sections of the Mellapak 250X packing at different heights. The liquid load value was 

kept constant and horizontal series of images were taken for different value of the F-

factor. The images from left to right are obtained at equal distance from top to the 

bottom of the column. It can be seen how the liquid is better distributed at the 

downstream of the column. In conclusion, the agreement of their simulations with the 
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experimental work is good but there is still some difference between them. In their 

discussion the authors state that the dispersion of the liquid within the packing is caused 

majorly by two mechanisms: capillarity and advection. In general both the effects are 

neglected in the porous medium approach. As a result, differences exist between the 

CFD and experimental results. The research reported at large-scale clearly shows the 

importance of the development of appropriate closures at lower scales.  

 
Figure 2.6: Liquid hold-up maps obtained by tomography for two runs with air and water in  

Mellapak 250.X (Fourati et al. 2012) 

 

 

 

2.2.4 Interconnection between different scales 

 The major purpose of utilizing multi-scale approach is to simulate the industrial 

scale packed bed absorbers. The goal is achieved by deriving the relation between 

pressure drop and kinetic energy, overall mass transfer rate between gas-liquid phases 

and rate of CO2 absorption at small scales and utilizing the outcome as a source terms in 

the porous medium approach. Many works are carried in this direction (CHEN et al. 

2009; Iliuta et al. 2004; Rahimpour et al. 2013). 
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 Some of the noticeable works in this regard are carried by Pham et al (Pham et 

al. 2015) and Asendrych et al (Asendrych et al. 2013). In both works large scale porous 

resistance modeling was used effectively for modeling the CO2 absorption. The effect of 

liquid phase on pressure drop were included using models developed by other works 

like Fourati et al (Fourati et al. 2012) , as source terms. The effect of liquid holdup and 

interfacial area were included using model developed by Tsai et al (Tsai et al. 2009). 

Species concentration was solved as an additional scalar which does not affect the net 

momentum of the gas or liquid phase. Their results were able to produce the gas phase 

outlet concentration with greater accuracy but details like concentration distribution 

within liquid film region of the bed weren’t predicted in detail. The works clearly 

suggests the necessary of small-scale modeling as a primary requirement for enhancing 

the accuracy of the large scale modeling. 

 Another example of interconnection between scales has been presented by Yu et 

al (Yu et al. 2018). Their work involves simulating the gas liquid flow with mass 

transfer at lower scales and deriving the liquid holdup and interfacial area. The results 

were then used in deriving the effective velocity of gas phase in the presence of liquid 

film, as suggested by Fernandes et al (Fernandes et al. 2009) for calculating the wet 

pressure drop of packed column .  

 Apart from this, the large scale simulations are flexible in coupling with 0D or 

1D models derived from process simulations. The work of Brinkmann et al (Brinkmann 

et al. 2014), Fei et al (Fei et al. 2015), and Edge et al (Edge et al. 2013) deal with this 

co-simulation approach. 

 

2.3 Influence of Surface Texture on Mass Transfer in Structured Packing Columns 

 Since the aim of the thesis is to study the influence of surface textures on CO2 

absorption, a brief note of the various works carried in this regard are presented here. 

 One of the most important parameters which can influence the overall 

performance of the structured packing is the micro texture patterns, often referred as 

surface roughness, on the corrugated sheets (Yu et al. 2018; Kohrt et al. 2011). Majority 

of the research till date was confined to study the hydrodynamics of the single phase 

and two-phase (gas-liquid) flows on micro texture patterns. The patterns in all these 

investigations were comparable to the texture pattern size of commercial Mellapak 

series. The first of this kind of investigations about the influence of amplitude of 
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periodic microstructure on liquid film thickness were carried by Zhao and Cerro (Zhao 

& Cerro 1992). In their experiments, the film thickness enhancement was studied for 

Nusselt film thickness to amplitude ratio ranging from 0.1 to 1. 

 The mass transfer analysis of the texture patterns is very scarce. Kohrt et al. 

(Kohrt et al. 2011)studied the influence of micro texture on the liquid side mass transfer 

of CO2 into silicon oil. The texture patterns used in their investigation were 

unidirectional transversal waves and bidirectional pyramidal structures of the size 

comparable to the texture size of Zhao and Cerro (Zhao & Cerro 1992)experiment as 

shown in Figure 2.7. They found the textures enhanced the mass transfer by almost 

80%. Yu et al. (Yu et al. 2018) investigated the mass transfer of O2 into the water for 

wavy texture pattern developed by Li et al. (Li et al. 2016) and found the enhancement 

in the mass transfer by 20%. They have clearly pointed a need for detail CFD based 

investigations to study the impact of surface roughness on mass transfer.  

 

Figure.2.7:  Experimental setup used by Kohrt et al (Kohrt et al. 2011) with (a) bidirectional (bd-type) 

and (b) unidirectional (ud-type) textures 
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2.4 CFD Modeling of Physical and Reactive Mass Transfer of CO2 into MEA 

 This section briefly introduces various approaches used in CFD modeling of the 

physical and reactive mass transfer across immiscible phases. The review helps in 

choosing an appropriate model for effectively modeling the mass transfer across 

immiscible phases. 

 Majority of the research in relation to the reactive mass transfer was initially 

focused on the mass transfer aspects. One of the first investigations in this topic was 

realized by Ohta and Suzuki (Ohta & Suzuki 1996) who studied the mass transfer from 

a drop in a solvent extraction process by coupling mass transfer with volume of fluid 

method (VOF). Later, Sato et al. (Sato et al. 2000) have simulated the three dimensional 

single droplet flows with mass transfer in continuous phase with different Schmidt 

numbers using front- capturing method. Davidson and Rudman(Davidson & Rudman 

2002) described a volume of fluid (VoF) numerical algorithm for calculating advective 

and diffusive heat and mass transfer in fluids with interfaces. However, these 

investigations were restricted to the case where the species concentrations on both sides 

of the interface are continuous(without considering thermodynamic dissolution 

equilibrium).More recently, by considering thermo- dynamic equilibrium of chemical 

species concentration on both sides of the interface, Bothe et al., (Bothe et al. 2004) 

performed numerical simulations of the mass transfer of oxygen from single bubbles 

and bubble chains rising in aqueous solutions with volume of fluid method. With the 

same method, Onea (Onea 2006) studied interfacial mass transfer in a bubble train flow 

with in square and rectangular mini-channels. The numerical algorithm employed to 

transport local concentration is based on continuum mechanics. The solubility of 

chemical species at the interface is determined by Henry’s law with constant coefficient. 

The treatment of jump discontinuity of concentration is computed with special modeling 

by considering a new scalar. With this procedure, possible numerical difficulties which 

might appear when concentrations are discontinuous at the interface are avoided. 

However, a significant drawback of this transformation is that the local diffusive mass 

flux across the interface is not continue, which makes its calculation difficult in order to 

obtain the interfacial mass transfer. To satisfy this later condition, the diffusion 

coefficient of the gas phase is locally replaced by a ratio of diffusivity to Henry’s 

constant in the interface region. This would make the diffusivity in the interface region 

significantly different from physical diffusion that may product significant differences 
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with the real case. On the other hand, Yang and Mao (Yang & Mao 2005) simulated 

mass transfer from a droplet moving in a continuous immiscible liquid with level set 

method. The concentration field over the computation domain is solved according the 

one-fluid approach and the jump discontinuity of concentration is computed with a 

special transformation of the concentration, by considering a new scalar that 

corresponds to the product of Henry’s constant to the concentration of specie in the each 

phase. The purpose of this transformation is to make the transformed concentration 

continuous at the interface. However, to satisfy the condition of mass flux continuity at 

the interface and make the diffusivity in the interface region equal throughout a fluid 

phase, several parameters as local velocity and diffusivity are transformed. This leads to 

additional difficulties and make the method complex to use.  

 At the same time, even though significant efforts have been made to model the 

interfacial mass transfer, only few numerical studies have considered mass transfer with 

simultaneous fast chemical reaction, or reactive mass transfer. One of the approaches 

used in this regard involves modeling reactive mass transfer across the immiscible 

phases by explicitly adding source terms to the governing equations of VOF approach. 

Sebastia-Saez et al ., (Sebastia-Saez et al. 2014; Sebastia-Saez et al. 2015b; Sebastia-

Saez et al. 2013) modeled physical and reactive mass transfer on flat and texture plates 

by this approach. A similar approach was used by Xu et al., (Xu et al. 2009) for 

modeling the mass transfer of propane gas into toluene liquid. This kind of approach 

involves utilization of parameters derived from standard correlations like Higbie 

(Higbie 1935a) correlation which can under/overestimate the effect of local velocity 

fluctuations that can influence mass transfer significantly. 

 Haroun et al (Haroun et al. 2010) proposed a “one fluid formulation” approach 

which is different from all the previous approaches (Yang & Mao 2005; Onea 2006; 

Sebastia-Saez et al. 2015b; Bothe et al. 2004). Later on it was used in detailed 

numerical simulation of (direct numerical simulation, DNS) structured packing sheet 

also to derive mass transfer and liquid hold up in structured packing element by same 

group. The group of Haroun used JADIM multiphase software developed by IMFT 

(Legendre & Magnaudet 1998). Nieves-Remacha et al ., (Nieves-Remacha et al. 2015) 

implemented this one fluid formulation for simulation of mass transfer in an industrial 

advanced flow reactor. A similar approach was developed by Marschall et al.(Marschall 

et al. 2012) and was implemented in OpenFOAM for mass transfer in gas liquid bubble 
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flow. In Nieves-Remacha(Nieves-Remacha 2014) dissertation thesis, the two 

formulations of Haroun et al (Haroun et al. 2010) and Marschall et al.(Marschall et al. 

2012) were compared and found to be producing same steady state results for various 

simple test cases. Recently, Wang et al. (Wang et al. 2017) used this approach for 

simulating the gas liquid mass transfer in wetted wall column. They found the CFD 

results in reasonable agreement with the experimental values. In the current thesis this 

“one fluid formulation” was implemented in OpenFOAM to study the influence of 

surface textures on the reactive mass transfer in structured packing. 

2.5 Modeling of Physical and Reactive Mass Transfer of CO2 into MEA 

 Since the modeling involves kinetics of CO2 with MEA (Mono-Ethanol-Amine) 

and the results obtained involve comparison with traditional correlations available in 

literature, a brief review of the theories available in this regard are presented here. This 

section is divided into two sections: 

1. Physical mass transfer 

2. Reaction kinetics 

2.5.1 Physical mass transfer 

 Different approaches have been reported in the literature for the description of 

the interfacial mass transfer that takes place during the absorption process. All of them 

assume unidirectional diffusion. The most utilized option in validation of CFD 

modeling has been the penetration theory due to its suitability to describe transient 

systems: 

 The two-film model (Lewis & Whitman 1924): 

 This model assumes that a stagnant film with a finite thickness exists at 

both sides of the interface, for the liquid and the gas, respectively. Mass 

transport takes place under steady state conditions within this film via diffusion 

mechanisms whereas convection is negligible. Outside the film complete mixing 

of the species occurs, eliminating any concentration gradient within. 

 The penetration theory (Higbie 1935b): 

 This theory assumes that the diffusion of the gas into the film is an 

unsteady process by the random motion of the solute molecules. This theory is 

more suitable for the validation of present simulations, especially for simple 

cases, since the mass transfer is described as a transient process. A brief 
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description of mathematical formulation of this theory is described in the 

mathematical modeling section of this report. 

 The surface renewal model (Danckwerts 1979): 

 This model was presented as an extension for Higbie’s penetration 

theory and the main difference lies in the fact that the contact time is not the 

same at every moment, but it follows a distribution function. Perlmutter 

(Perlmutter 1961) reviewed this theory considering eddy residence time 

distributions and other aspects such as transient interfaces, changes in the value 

of the diffusivity near the interface, dead zones in which local laminar flows are 

developed and multiple capacitance effects. 

 In the current thesis Higbie theory is used to compare the results 

obtained for physical mass transfer analysis. 

 

2.5.2 Reaction kinetics 

 Investigations about using reactive absorption for removal of pollutants from 

post combustion exhaust gases had started in the early 19th century (1930). It is a 

matured technology that can be easily integrated into the existing power plants with a 

little extra cost (Rochelle 2009). The advantage of reactive absorption lies in effective 

removal of pollutants which are generally present at low concentrations in the exhaust 

gases. Even though there is huge research carried for developing new solvents for CO2 

absorption (Perinu et al. 2017; Bernhardsen et al. 2017), reactive absorption by blends 

of MEA is considered as an attractive option (Mangalapally et al. 2012; von Harbou et 

al. 2013; Halim et al. 2015; Zhang et al. 2017).  Monoethanolamine (MEA) is widely 

used as the reference to compare new mixtures and solvents (MacDowell et al. 2010). 

 CO2-MEA system involves a sequence of finite rate and instantaneous chemical 

reaction. Out of all the reactions, the formation of carbamite with MEA is considered as 

the rate controlling step. The carbamite of MEA formed in absorption column is 

stripped into pure CO2 and solvent in regeneration column. Thus designing the 

absorption and regeneration column, a full cycle of removing pollutants from fuel gas, 

needs the finite rate chemistry to be considered in detail. But from CFD modeling point 

of view addition of each individual species to modeling equations can add more 

computational effort. Thus utilizing a condensed form of chemistry with lowest number 

of possible reactions must be preferred over a detailed chemistry. 
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 Currently there are two familiar theories describing the mechanism of reaction 

between CO2 and MEA [Vaidya and Eugeny, 2007]: 

 Zwitterion mechanism 

 The zwitterion mechanism was first introduced by Caplow (Caplow 

1968) and reviewed later by Danckwerts (Danckwerts 1979). This mechanism is 

based on the existence of an intermediate step in which a dipolar molecule called 

zwitterion is formed. Subsequently, the zwitterion is deprotonated by a base, 

which can be either water, or the hydroxyl ion or the amine itself. The following 

reactions describe the formation, i.e. equation (2.1), and the deprotonation of the 

zwitterion to give the carbamate, i.e. equation (2.2). Both reactions can be 

expressed as: 

             
                                                                          (2.1) 

    
                                                                          (2.2) 

 Termolecular mechanism 

 The termolecular single-step mechanism skips the intermediate step by 

which the formation of the zwitterion takes place (Crooks & Donnellan 1989). 

Therefore, the chemical reaction can be written as: 

       
                 

                                                     (2.3) 

 Versteeg et al (Versteeg et al. 1996) have supported the formation of 

zwitterions mechanism, but predicted the first step of the mechanism, i.e. 

equation (2.1), to be the rate limiting step. Also Versteeg et al (Versteeg et al. 

1996) suggested a second order reaction rate for this step. Astarita et al 

(Giovanni Astarita ,David W. Savage 1983) suggested that the MEA 

carbamate’s stability as given in equation (2.3) is very stable when compared 

with other intermediate ion formation. Wang et al (Wang et al. 2017)used the 

single step formation of the carbamate ion formation, similar to equation (2.3) as 

suggested by Astarita et al (Giovanni Astarita ,David W. Savage 1983), for 

modeling the reaction of CO2 with MEA. The overall reaction is given as: 

                      
                                                         (2.4) 

 

 In this thesis the single step formulation, equation (2.4), as given by 

Wang et al (Wang et al. 2017) is used for modeling the reactive mass transfer of 

CO2 into MEA. 



29 
 

3. MATHEMATICAL THEORY 

 

 In this chapter, based on the project’s objectives and the literature review, a 

description of the applied mathematical models is presented in the form of conservation 

equations and their source terms. The first section of this chapter describes conservation 

equations of mass and momentum followed by the interface capturing technique of two-

phase laminar flows. The major differences between the interface capturing approaches 

among the available CFD software is highlighted in this section. The chapter follows a 

brief introduction to the modeling of the surface tension force acting on the surface of 

the film in contact with the gas. Since the scope of the thesis also includes meso-scale 

pressure drop analysis, a brief introduction to the various turbulence models evaluated 

in regard of structured packing columns is presented and the model used in the current 

thesis is presented in detail. Finally this section closes with the details of mathematical 

modeling of one fluid formulation for reactive mass transfer along with the validation of 

the developed code.  

 

3.1 Two Phase Conservation Equations 

 Since the information about discretization techniques and associated finite 

volume theory is a vast and evolving subject area, providing all the details here will 

result in voluminous enhancement of the thesis. Thus the present thesis is confined to 

describe theory of high relevance to the present work and further information on the 

basic finite volume theory and multiphase flow can be found in the relevant open 

literature and from standard text books (Versteeg & Malaskekera 2007; Yeoh & Tu 

2010) . 

 Two phase flows involve a moving interface between the phases, and the flow 

domain is divided into two separate regions by this interface. The presence of this 

interface enhances the complexity of the computational problem. In this thesis a one 

fluid formulation is used to describe the two phase flow. This one-fluid formulation 

takes into account the entire fluid flow domain as a single-phase flow field with varying 

thermo-physical properties across the interface. The single-phase governing equations 

are solved for each phase with additional source terms such as the surface tension force 

at the interface and the appropriate boundary conditions. The source terms must be 

incorporated into the governing equations in order to describe the interaction between 
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the gas and liquid phases (Jagannath 2015). In the current thesis the governing 

equations are solved for mass and momentum conservation assuming the operating 

temperature as constant and fluids flowing to be immiscible and incompressible. Also, 

Volume of Fluid (VOF) (as described in Section 2.1) method, initially developed by 

Hirt and Nichols (Hirt & Nichols 1981) is employed to track the interface between the 

two immiscible phases. A brief overview of the VOF formulation with a description of 

one-fluid formulation is provided in Section 3.2.  

 

3.2 VOF Formulation 

 In the conventional VOF method (Hirt & Nichols 1981) , the transport equations 

for and indicator function, representing the volume of fluid fraction of one phase, is 

solved along with the mass and momentum conservation equations as given below 

(Equations 3.1,3.2 & 3.3): 

               (3.1) 

  

  
                  (3.2) 

     

  
                          (3.3) 

where U represents the velocity field shared by the two fluids throughout the 

computational domain, γ is the phase fraction, T is the deviatoric viscous stress tensor 

                , with the mean rate of strain tensor                 and 

I= δij, ρ is density, p is pressure, fb are the body force per unit mass. In VOF formulation 

the fb includes the body forces and surface tension forces. The phase fraction γ can take 

values between the range of [0, 1], with the value of zero and one corresponding to the 

regions accommodating only one phase. Generally γ=0 is referred as gas and γ=1 is 

referred as liquid region. The gradients of the phase fraction occur only at the interface 

region. Since the two immiscible fluids are considered as one effective fluid throughout 

the domain, the physical properties are calculated as weighted averages of the γ as 

shown in Equations 3.4 and 3.5. Thus the properties will be equal to the actual values of 

the pure fluids in the regions of γ with unique value of zero or one and possess mixed 

values at the vicinity of interface. 
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ρ  ρ
 
γ     γ ρ

 
         (3.4) 

                      (3.5) 

where the subscripts L & G represent the liquid and gas phase respectively. The major 

challenge in this kind of formulation is the assurance of the conservativeness of the 

phase fraction and modeling the advection of the phase fraction. Since the velocity field 

is shared between the two phases and solved by a single momentum equation, it is very 

difficult to estimate to what extent the advection of the phase fraction is influenced by 

each phase. Generally the advection of phase fraction is estimated in a two step process.  

First the phase fraction is advected based upon the net momentum from the grid cells in 

nearby regions and second the resulting phase fraction distribution is used to estimate 

the velocity distribution in the computational domain.   

 From the time of proposal of this VOF method (Hirt & Nichols 1981) for 

simulating the two phase flow, many variations of the VOF schemes were developed 

and incorporated into the leading CFD software.  They may be divided majorly into two 

categories: geometric methods involving an explicit reconstruction of the interface from 

the volume fraction data, and algebraic methods making no such attempt (Roenby et al. 

2017). Algebraic VOF schemes are generally much simpler to implement, more 

efficient and are not restricted to structured meshes. They are, however, founded on 

much more heuristic considerations and are not as accurate as the geometric VOF 

schemes (Deshpande et al. 2012)  in representing the interface. Geometric VOF 

schemes, on the other hand, involve complex geometric operations making their 

implementation cumbersome and their execution slow (Maric et al. 2013; Roenby et al. 

2017). They represent the interface accurately but at the same time, they can result in a 

very high phase fraction gradients across interface which can lead to numerical 

instabilities for complex geometries (Ahn & Shashkov 2007; Hernández et al. 2008; 

López et al. 2008; Ivey & Moin 2017; Xie et al. 2014). An integrated method of 

incorporating the advantages of geometric method into algebraic based algorithms is 

also developed and is referred as “level set” method (Dianat et al. 2017; Sussman 2003).  

But conservation of mass across the interface using this method needs usage of high-

order schemes which are still under developed (Dianat et al. 2017). All these approaches 

are great areas of research with their own advantages and limitations.  



32 
 

 Since the OpenFOAM involves algebraic VOF scheme and the aim of the 

current thesis is to utilize this software effectively, we proceed by utilizing the default 

“interFOAM” module available for simulating two phase flows. As suggested by 

Deshpande et al (Deshpande et al. 2012) a low time step and fine grid was utilized for 

simulating the computational domain to avoid the disadvantages of diffusing interface 

which is usually referred as “spurious currents”. In the OpenFOAM an additional term 

referred as “compression velocity”, derived based on the phase fraction conservation of 

the two phases is added in order to effectively capture the interface (Rusche 2002) . The 

basic VOF Equation 3.2 was modified to Equation 3.6 as follows: 

 γ

  
     γ        γ   γ          (3.6) 

where the Ur represents the relative velocity between the phases. One should note that 

the compression term, at the end of the Equation 3.6, refers to the term useful in 

sharpening the interface and it isn’t related to compressible flow. The compression term 

is found active only within the interface region and vanishes at both limits of the phase 

fraction. Hence it does not affect the solution outside this region. Moreover, if free 

surface is defined in a theoretical sense as having an infinitesimally small thickness, the 

(relative) velocity Ur vanishes and the expression reduces to the conventional form. 

3.3 Surface Tension Force Modeling 

 The surface tension forces constitute additional pressure force due to 

intermolecular attraction between the two phases flowing in a given computational 

domain and the adhesive force between the fluid and the solid surface. The surface 

tension force is found to minimize the interfacial area and highly influence the shape of 

resulting interface in structured packing columns (Sebastia-Saez et al. 2014). The 

influence of this force must be included in the body force term fb in the equation 3.3. 

The surface tension force, acting to balance the pressure difference in both the fluids on 

either side of the interface, is expressed by the Young-Laplace’s formula(Wikipedia 

contributors 2017): 

          σ         (3.7) 

  

 In the above expression, Δp is the pressure drop across the surface,   is the mean 

curvature, and σ is the surface tension coefficient, which is defined as the amount of 

work necessary to create a unit area of free surface. Its value is always positive for 
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immiscible fluids and determined by the nature of the fluids. The mean curvature   is 

defined by: 

   
 

  
 

 

  
           (3.7) 

where RG and RL are the principal curvature radii in orthogonal directions. Since the 

pressure is discontinuous at the interface Brackbill et al (Brackbill et al. 1992) proposed 

a Continuum Surface Model (CSF) to calculate the surface tension force acting normal 

on the gas liquid interface as a volumetric force . In this model, the pressure is expected 

to rise within the transitional region between fluids with the same smoothness as the 

indicator function γ. 

 In the CSF approach, the interface transitional area is divided into several layers 

according to the definition of indicator function γ. The surface tension force direction 

depends on the normal vector on the interface, and its magnitude depends on the 

interface curvature. The unit normal vector of each layer in the transitional domain is 

determined by the gradient of the indicator function γ. The interfacial curvature is then 

expressed in terms of the divergence of the unit normal vector from the interface as 

shown in the Equation 3.8 

                  (3.8) 

where the normal vector     is defined as  
 γ

  γ 
. The effect of contact angle is included by 

correcting the normal vector by including the effect of contact angle θ between the 

liquid and solid surface as shown in the Equation 3.9: 

 

               θ          θ        (3.9) 

 

where the         and the        denotes the normal and tangential vectors to the wall 

respectively. The resulting additional source term by CSF model is given by Equation 

3.10: 

 

     Δ           (3.10) 

 

where the value of   is derived from Equations 3.8 &3.9 respectively. 
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3.4 Pressure Drop Analysis in Structured Packing 

 Pressure drop constitutes the major part of the overall operational cost of a post 

combustion CCS facility. The calculation of pressure drop can be divided into two parts 

as the dry and wet pressure drop. The aim of the literature in regard of pressure drop 

analysis of structured packing column has been to evaluate the wet pressure drop (Li et 

al. 2016).  

 The procedure of calculating the pressure drop involves evaluation of the 

relation between the pressure drop and kinetic energy in a way similar to Darcy-

Weisbach (Brown 2002) equation. The expression derived will be as given in the 

Equation 3.11: 

 

Δ   
     

ρ       
 

 
         (3.11) 

 

where the   total represents the friction factor which is geometric specific and vg,eff is 

superficial gas velocity. For wet pressure drop the vg,eff is calculated to include the effect 

of the decrease in the available gas volume  using the liquid holdup values as suggested 

by Fernandes et al (Fernandes et al. 2009) . The modified expression for vg,eff is given by 

Equation 3.12: 

 

        
  

            
         (3.12) 

 

where the   represents the voidage of the packed bed in the absence of liquid film, ϕ is 

the angle of solid surface with respect to the vertical direction. The hl is called liquid 

holdup which is defined as the volume of liquid per unit volume of packing. The term 

(1-hl) in the Equation 3.12 is responsible for including the effect of liquid film on the 

pressure drop. Since this term is denominator with a negative sign, it can be clearly seen 

that the effect of hl will be positive on the overall pressure drop i.e., an increase in hl 

will result in increase of vg,eff and eventually increase in pressure drop. The most 

frequently used model to calculate the liquid hold-up inside the packing assumes that 

the liquid forms a perfectly developed liquid film that fully covers the packing wall. 

Under these conditions, the liquid hold-up can be calculated as the product of the 

specific area of the packing Aspf and the liquid film thickness δl as equation 3.13: 
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hl = Aspf δl           (3.13) 

 

where the δl  is calculated from the Nuseelt theory (Nusselt 1916) as Equation 3.14: 

δ   
   

ρ     
 

 

 
          (3.14) 

 Oluji´c et al (Olujić 1999) in their analysis has found that the turbulence in the 

gas phase contributes to almost 70% of the total pressure drop and it can be modeled by 

meso-scale analysis using CFD. The other 30% loss in pressure drop, referred as 

pressure loss due to drag, is due to the sharp bends between the columns and entrance 

region. These losses can be modeled by considering the full scale models which are 

computationally expensive. Li et al (Li et al. 2016) suggested to use RNG k-  

turbulence model (Yakhot et al. 1992) based on the works of Raynal et al (Raynal et al. 

2013) for evaluating dry and wet pressure drops with reasonable accuracy. In this work 

the RNG k-  turbulence model is used for dry and wet pressure drop analysis and an 

overview of the equations involved are briefed below. Detailed information about 

various turbulence modeling techniques and their derivations can be found from 

standard text book (Wilcox 2006). 

 The RNG model was developed using Re-Normalization Group (RNG) methods 

by Yakhot et al (Yakhot et al. 1992) to renormalize the Navier-Stokes equations, to 

account for the effects of smaller scales of motion. It is a modification of the standard k-

epsilon (Launder & Spalding 1973) to account all scales of motion on turbulent 

diffusion. The governing equation for turbulence kinetic energy k is given by Equation 

3.15: 

 

  
 ρ   

 

   
 ρ     

 

   
    

  

σ 
 

  

   
     ρ      (3.15) 

where turbulence viscosity µt is given by        
  

 
 and turbulence production term 

Pk is calculated as         
   

          

   
 and subscripts i, j stand for principle axis direction. 

The last term   refers to turblulence dissipation and is calculated by solving  

Equation 3.16: 
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   (3.16) 

where constant    
  is calculated by the expression    

       
   

    
 

  
 

       
. The constant 

η is estimated as   
  

 
  where S is given by            

 

 . Other constants in both 

Equations 3.15 and 3.16 generally possess fixed value as:                      

                                        . 

3.5 Modeling of Reactive Mass Transfer by One Fluid Formulation 

 The one fluid formulation (Haroun et al. 2010) was implemented as an 

additional transport equation to model the reactive mass transfer between immiscible 

phases. The additional equation for the specie transport using this approach is given by 

Equation (3.17):  

  

  
                             (3.17) 

 The one fluid formulation solves a single transport equation for specie 

concentration across the two phases by treating the concentration as a function of phase 

fraction. The VOF involves the same approach for defining the flow properties like 

density and viscosity. The effect of concentration jump at the interface is included using 

the additional mass flux term   . This additional mass flux is due to the solubility of 

gaseous specie into the liquid and thus can be calculated using Henry’s law. The flux 

term   modeled to include the solubility is given by the Equation (3.18): 

     
      

γ     γ 
 γ           (3.18) 

where D stands for the effective diffusivity of the specie in the two-phase mixture. The 

D is calculated as a harmonic average of diffusion of specie in each phase and is given 

by Equation (3.19): 

   
     

γ      γ   
           (3.19) 

where the DL and DG represent the diffusion coefficient of specie in liquid and gas 

phase respectively. The H in equation (3.19) represents the dimensionless Henry’s 

constant for the specie under consideration. It is defined as the ratio of the concentration 
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of specie in gas (CG) to the concentration of specie in liquid (CL) which is H = CG/CL. 

Note that the additional flux term   will have numerical values only at the interface and 

will be zero within the individual phases. This is because the  γ term in Equation (3.18) 

is essentially zero in grid cells fully occupied by individual phase fraction. 

 The last term Wi in the Equation (3.17) stands for rate of production of the 

chemical species. It is modeled as a product of reaction rate constant (r), 

concentration(C) and phase fraction (γ) as shown in Equation (3.18): 

     γ                                          (3.18)     

 The multiplication of the reaction term with the phase fraction γ helps in 

confining the reaction effect to the desired phase. In the later chapters the values of the 

constants used in the above equations are selected from open literature based upon the 

problem under simulation and hence are not re-written here to avoid repetition. 

 The concentration Equation (3.17) is implemented as an additional equation in 

the existing code of OpenFOAM module for two phase immiscible flows called 

interFOAM. Additional code was written for effective post processing of the results 

like: calculating the “film height” from the “bottom wall” over which the fluid is 

flowing. The code is presented in the Appendix at the end of the thesis. The code can 

be implemented using standard procedure of adding additional code into OpenFOAM as 

described in tutorial work that was created during the course work of the thesis and 

available in open literature (Prasad Thummala 2016). Also similar implementation of 

one fluid formulation can be found in the thesis work of Nieves-Remacha 2014 (Nieves-

Remacha 2014) . 

3.6 Validation 

 The term validation is the assessment of the credibility of a simulation model by 

estimating the degree to which this model is an accurate representation of reality from 

the perspective of its intended uses (Mehta 1998). The interFOAM module is well 

verified for flow over inclined plates by Cooke et al (Cooke et al. 2014; Cooke 2016). 

In their study, Adaptive Mesh Refinement (AMR) was effectively used to model film 

flow. Even though AMR was useful in predicting the film flow effectively the technique 

was found inadequate in producing the mass transfer data that is of importance to the 
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present thesis. The grid density used for simulating full and rivulet film , without AMR, 

was close to the values  proposed by Xu et al (Xu et al. 2009; Hu et al. 2014).  

 

 Since the grid independency study for gas-liquid flow is well available in the 

literature it wasn’t repeated here. The focus was confined on validating the additional 

reactive mass transfer equation (Equation 3.17). Since the validation case for mass 

transfer and reactive mass transfer studies were scarce, validation was carried for simple 

cases for which analytical results are available. Also comparison of overall mass 

transfer coefficient was carried with the available literature, Wang et al (Wang et al. 

2017) . The reaction between CO2-MEA was modeled as pseudo first order reaction 

(Sebastia-Saez et al. 2015b) and the resulting enhancement in mass flux transfer rate 

was compared with the theoretical expression of Enhancement factor.  

 

3.6.1. One-Dimensional Mass transfer 

 As suggested by Haroun et al (Haroun et al. 2010) the one dimensional mass 

transfer can be validated against an exact numerical solution. The analytical solution is 

available for one dimensional gas liquid diffusion problem where the two phases aren’t 

flowing. The exact steady-state solution for the concentration along the x-axis is given 

by: 
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                   (3.21) 

 

where C denotes concentration, He is Henry's constant, x = e is the location of the gas-

liquid interface and the subscripts L and G correspond to the liquid and gas phases, 

respectively. 

 

3.6.1.1 Computational domain and input parameters 

 The computational domain is 1-D with a length of 0.001m with liquid phase 

filling the first half of the volume as shown in Figure 3.1. The initial value of the 

concentration C is 1 in gas phase and zero in liquid phase as shown in the Figure 3.2. 

The ratio of diffusivity of the specie in the gas phase to diffusivity of the specie in liquid 
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phase, DG/DL, was 10 and the Henry coefficient of solubility was taken as 0.1. The 

domain was divided into 300 cells. 

 

Figure 3.1: liquid fraction distribution in computational domain for the 1-Dimensional 

mass transfer problem 

 

Figure 3.2: Initial concentration distribution in computational domain for the 1-Dimensional 

mass transfer problem 

3.6.1.2 Results & discussion 

 The set up was simulated with a constant time step of 10-5 seconds until steady 

state was reached. The final concentration distribution in the domain is shown in Figure 

3.3. The results were plotted against the analytical expressions give by Equations (3.20 

& 3.21) and the resulting plot is shown in Figure 3.4. From the results it can be clearly 

seen that there is a very good agreement between the simulated and analytical solutions, 

verifying the correct implementation of the method. The method was also able to 

capture the discontinuity in species concentration at the interface region, with a good 

resolution of the concentration. 
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Figure 3.3: Final concentration distribution in computational domain for the 1-Dimensional  

mass transfer problem 

 

Figure 3.4: Final concentration distribution plotted against analytical solution for the 1-Dimensional 

mass transfer problem 

 

3.6.2. Overall mass transfer coefficient 

 Because of the algebraic method of interface reconstruction in OpenFOAM the 

resulting interface will be diffused over a minimum of three computational grid cells. 

This diffused interface will make the identification of the location of the cell with 

highest concentration, on the liquid side due to solubility, difficult unless DNS is used 

(Marschall et al. 2012). At the same time because the overall mass balance is attained 

while using the one fluid formulation, there is possibility to obtain overall and averaged 

mass transfer coefficient using this method.  
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 In the work of Wang et al (Wang et al. 2017),  the one fluid formulation was 

effectively used to simulate a wetted wall column (counter current gas liquid flow) and 

the resulting overall mass transfer coefficient was compared with the experimental 

results consisting of a total of fourteen different conditions. According to authors, the 

simulation results were over or under estimating the experimental values but are still in 

good agreement with experiments when compared with two film theory. In the current 

thesis, two cases (case 3 and case 5) of their work were simulated and compared with 

the results.  

3.6.2.1 Computational domain and input parameters 

 A simplified geometry arrangement, as shown in Figure 3.5, was used in the 

current simulation to calculate the counter current gas liquid overall mass transfer. The 

height of the domain is 100mm with 1mm liquid inlet and 4 mm gas inlet. The liquid 

and gas inlet velocities and other input parameters are evaluated from the work of Wang 

et al (Wang et al. 2017) and are given in the Table 3.1. Mesh density was used as 

suggested by Wang et al (Wang et al. 2017). 

 As mentioned by authors a clear difference between the predicted results and 

experimental results exist, but in very close approximation. This kind of deviations from 

the experimental values on using CFD were observed by   Xu et al (Xu et al. 2009), Yu 

et al (Yu et al. 2006) and Sebastia-saez (SEBASTIA-SAEZ 2016) thesis work.   

 

Figure 3.5: Computational domain to calculate the overall mass transfer coefficient 
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Table 3.1: Input parameters used in calculation of the overall mass transfer coefficient 

 
Units Case 3 Case 5 

liquid Density kg/m
3
 1024 1022 

liquid Kinematic Viscocity m
2
/s 1.83E-06 1.79E-06 

Diffusivity in liquid m
2
/s 6.88E-09 6.50E-09 

gas Density kg/m
3
 1.42 1.2987 

gas Kinematic Viscocity m
2
/s 1.20E-05 1.48E-05 

Diffusivity in gas m
2
/s 1.20E-05 1.48E-05 

Henry constant 
 

2.17E+00 1.79E+00 

Liquid inlet velocity m/s 2.30E-01 1.25E-01 

Gas inlet velocity m/s 0.0516 0.0577 

 

3.6.2.2 Results & discussion 

The results of the simulations are shown in Table 3.2: 

Table 3.2: Overall mass transfer coefficient simulated in this work compared with Wang et al., (2017)  

Overall mass transfer coefficient, KL This work Wang et al (2017) 

Case 3 3.00E-08 3.73E-08 

Case 5 2.40E-08 2.82E-08 

 

 In order to understand the advantages and limitations along with tackling the 

high mesh density requirement found during this study, a detailed analysis was carried 

and is briefed in Chapter 4. Hence details of deriving input parameters from correlations 

for the above work and grid independency study can be found in detail in Chapter 4. 

3.6.3. Reactive mass transfer 

 Because of the high concentrations of the MEA used in industrial reactors the 

reaction between CO2-MEA are generally simulated as a pseudo first order reaction 

(Sebastia-Saez et al. 2015b). The overall reaction, as described in Chapter 2, can be 

written as: 

                      
  

where R stands for MEA i.e., R= CH2CH2OH. The rate of reaction for this reaction is 

calculated from the expression given by Ali (Ali 2005) Equation (3.22): 

                           (3.22) 
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where reaction rate constant r (m
3
/mol.s) is included in the mass transfer equation by 

expression given in  Equation (3.18). The temperature in the current simulation is kept 

constant at 298.15 K and the value of r was obtained as 5.5522 (m
3
/mol.s). 

 The computational domain simulated for the reactive mass transfer is similar to 

the domain used in section 3.6.2. The concentration of the CO2 at the gas inlet was 10% 

and liquid solvent concentration of MEA was 30% (wt %). These values are generally 

used in industrial post combustion CCS operations. The properties of gas and liquid are 

given in Table 3.2. 

 In general the Hatta number (Ha) which compares the reaction and the solute 

diffusion rate is used to indicate whether the reaction takes place either in the bulk 

phase or only in the gas–liquid interface. A higher Ha implies that the chemical reaction 

is more dominant with respect to the physical absorption process whereas the opposite 

occurs when its value is low. 

Table 3.2: Input parameters used in calculation of reactive mass transfer 

 
Units 

 
liquid Density kg/m

3
 1013 

liquid Kinematic Viscocity m
2
/s 2.49E-06 

Diffusivity in liquid m
2
/s 7.76E-10 

gas Density kg/m
3
 1.21 

gas Kinematic Viscocity m
2
/s 1.45E-05 

Diffusivity in gas m
2
/s 1.45E-05 

Henry constant 
 

1.54E+00 

Liquid inlet velocity m/s 0.4 

Gas inlet velocity m/s 0.1 

 

The Ha number is given by the expression in Equation (3.23) (Sebastia-Saez et al. 

2015b): 

   
             

  
          (3.23) 

where r is rate constant, [MEA] is concentration of MEA in liquid and kl is liquid side 

mass transfer coefficient without reaction. In the current simulation kl was calculated 

from the CO2 concentration values at interface and liquid side outlet. The interface 

value was estimated theoretically using solubility law as the gas side mass transfer 
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coefficient is negligible in these reactive systems (Sobieszuk & Pohorecki 2010).  The 

Ha value was estimated from Equation (3.22) as 27.994. 

 As described by Kale et al (Kale et al. 2013) when the Ha is greater than 10, the 

Enhancement factor (E) that is given by expression in Equation (3.24) for pseudo first 

order reaction (Sebastia-Saez et al. 2015b) approximately becomes equal to Ha number 

i.e., E≈Ha. 

  
  

         
          (3.24) 

 This was verified in the current simulation by calculating the Enhancement 

factor as the ratio of the amount of absorption with and without reaction. The values 

were easily obtained by overall balance of CO2 concentration at all gas and liquid inlet 

and outlets of the computational domain. The Enhancement factor value obtained from 

current CFD simulation was 27.4, which was very close to the value of Ha which is 28, 

confirming the validity of the implemented code. 

 The validation work carried in this section also gives an insight that the reactive 

mass transfer can be readily estimated using the physical mass transfer information by 

simply multiplying with Ha number. Thus in order to reduce the computational 

resources here after in the coming chapters, emphasis was given to the simulation of 

physical mass transfer.  
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4. INVESTIGATING THE ADVANTAGES AND LIMITATIONS OF 

MODELING PHYSICAL MASS TRANSFER OF CO2 ON FLAT PLATE BY 

ONE FLUID FORMULATION IN OPENFOAM 

 CO2 is the main greenhouse gas that is causing an increase in average surface 

temperature of earth and need to be captured at the source to reduce its impact on the 

environment. The main sources of CO2 emission are power plants, industrial processes 

and domestic consumption of fuels. Nearly 40% of this total CO2 emission originates 

from industries (Aaron & Tsouris 2005). Hence, technologies required to capture the 

CO2 gas at the source need to be developed. Several technologies have been developed 

in this regard and out of them the absorption of CO2 by MEA (mono ethyl amine) 

solvent is one of the most preferred technique (Luis 2016). CO2 absorption into MEA is 

majorly carried using packed bed reactors. Various kinds of reactors like bubble 

column, stirred tank and packed bed reactor are available for effective utilization of 

absorption phenomena. Among them, the availability of high interfacial area for mass 

transfer at low pressure drop makes the packed bed reactors preferable for gas liquid 

absorption process. 

 The packed bed reactors facilitate high interfacial areas using either structured 

packing or random packing. Structured packing are found to give higher mass transfer 

rates (Pham et al. 2015; Li et al. 2014; Aroonwilas et al. 2003; Aroonwilas et al. 2001) . 

The efficiency of a structured packing depends majorly upon micro level interactions 

between gas liquid immiscible phases next to packing surface. Hence understanding the 

micro-level mass transfer helps in developing better design and effective utilization of 

packed bed reactors (Kohrt et al. 2011; Fischer et al. 2003).  

 Computational fluid dynamics (CFD) is an effective tool in understanding the 

dynamics of multi-phase flows in complex geometries. CFD reduces the overall number 

of experiments and allow access to velocity, temperature and other scalar and vector 

fields of interest at any location of the geometry, which otherwise is very difficult to be 

accessed by experimental techniques (Sebastia-Saez et al. 2013). A detailed overview of 

utilizing CFD as an effective tool in modeling absorption in packed bed can be found 

the recent article published by Haroun and Raynal (Haroun & Raynal 2016).  

 The micro level analysis of structured packing essentially involves modeling of 

multiphase fluid dynamics as immiscible phase flow where the fluids are not 



46 
 

interpenetrating. The immiscible two phase flow is generally modeled using Volume of 

Fluid (VOF) approach and results are comparable to experimental values derived using 

particle image velocimetry techniques (Hoffmann et al. 2004). The mass transfer across 

these immiscible fluids is modeled majorly in two different ways. One approach 

involves the modeling of mass transfer across the immiscible phases by explicitly 

adding source terms to the governing Eq.s of VOF approach. Sebastia-Saezl et al. 

(Sebastia-Saez et al. 2015b; Sebastia-Saez et al. 2014; Sebastia-Saez et al. 2013) 

modeled physical and reactive mass transfer on flat and texture plates by this approach. 

The geometry in their work was same as that of Hoffmann et al.  (Hoffmann et al. 2004) 

and similar approach was used by Xu et al.  (Xu et al. 2009)  for modeling the mass 

transfer of propane gas into toluene liquid.  

 Another approach for modeling the mass transfer across immiscible phases is 

familiarly known as “one fluid approach” or ‘’continuous specie transfer (CST)’’ 

approach. This approach was proposed and validated by Haroun et al. (Haroun et al. 

2010). Later on it was used in detailed numerical simulation of (direct numerical 

simulation, DNS) structured packing sheet also to derive mass transfer and liquid hold 

up in structured packing element by same group. The group of Haroun used JADIM 

multiphase software developed by IMFT (Legendre & Magnaudet 1998). Nieves-

Remacha et al. (Nieves-Remacha et al. 2015) implemented this one fluid formulation 

for simulation of mass transfer in an industrial advanced flow reactor. A similar 

approach was developed by Marschall et al.  (Marschall et al. 2012) and was 

implemented in OpenFOAM (Jasak & Weller 1995; Rusche 2002) for mass transfer in 

gas liquid bubble flow. In Nieves-Remacha (Nieves-Remacha 2014) dissertation thesis, 

the two formulations of Haroun et al. (Haroun et al. 2010) and Marschall et al. 

(Marschall et al. 2012) were compared and found to be producing same steady state 

results for various simple test cases. Recently, Wang et al. (Wang et al. 2017) used this 

approach for simulating the gas liquid mass transfer in wetted wall column. They found 

the CFD results in reasonable agreement with the experimental values. 

 The aim of this chapter is to discuss the advantages and limitations of utilizing 

one fluid formulation for modeling the physical mass transfer of CO2 in OpenFOAM 

CFD software. The one fluid formulation was implemented as an additional transport 

equation in the existing code of OpenFOAM CFD software and a separate procedure for 

reducing the overall computational time is proposed. The physical absorption of CO2 
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was studied using N2O analogy. A comparison of liquid side mass transfer coefficient 

value derived from the simulations with the standard theoretical correlation proposed by 

Higbie (Higbie 1935a) is carried to study the aim. The investigations were carried for 

operating parameters such as flow rate, concentration of MEA and angle of inclination 

of plate. The simulation domain is two dimensional (2D) and the gas-liquid flow is 

counter current.  

 

4.1 Modeling and Analysis 

 The simulations are carried using “interFoam” module available as part of open 

source software OpenFOAM. The theory and governing equations of the two phase 

modeling is described in section 3.1to 3.3. The one fluid formulation developed by 

Haroun et al.(Haroun et al. 2010) was implemented for modeling the mass transfer 

between immiscible phases. The governing equation (Eq. 3.17) is described in section 

3.5 without source term Wi , as the current study is about the physical mass transfer. 

 

4.2 Input Parameters 

 The physical mass transfer of CO2 was modeled using surrogate N2O gas. This 

kind of approach was used in many studies involving physical mass transfer of CO2 and 

is known as N2O analogy. The N2O analogy avoids the effect of reaction, between CO2 

and MEA, on absorption. An excellent review of using N2O analogy in the context of 

CO2 capturing analysis can be found in Monteiro & Svendsen (Monteiro & Svendsen 

2015) . The simulations were carried at isothermal conditions at a temperature of 298 K. 

The CO2 loading on MEA solvent for current investigation was fixed at 20%. It was 

chosen so that the current studies can be used as a preliminary work for reactive mass 

transfer. In reactive mass transfer, the value of CO2 concentration dissolved in MEA 

will highly influence the equilibrium partial pressure on the gas side of the interface and 

for CO2 loading less than 30% this influence was found negligible by Aronu et al. 

(Aronu et al. 2011) and Wang et al. (Wang et al. 2017). The solvent properties are 

chosen based on the concentration of MEA (% wt) which in our study vary between 10 

to 40%. 

 In the current simulation, pure N2O gas was used on gas side. The gas density 

values were calculated using ideal gas law and viscosity values were taken from open 

literature for pure N2O. The N2O diffusivity within gas medium is taken equal to that of 
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kinematic viscosity. The diffusivity value of N2O in the solvent is calculated from 

correlation proposed by Versteeg and van Swaal (Versteeg & van Swaal 1988) as 

shown in Eq. (4.1). 

                     
    

 
   

      

     
               (4.1) 

where the µwater and µsoln are viscosities of pure water and carbonated solvents 

respectively. Properties like viscosity and density of carbonated solvents were taken 

from Weiland et al. (Weiland et al. 1998) and surface tension values were taken from Fu 

et al. (Fu et al. 2012).The Henry constant values were calculated from the Eqs (4.2, 4.3 

& 4.4) proposed by Penttila et al. (Penttilä et al. 2011). The units of Henry constant in 

their work is  

                       
        

 
                                       (4.2) 

                                             (4.3) 

             

                                                 
 

  
                   (4.4) 

where in the Eq. (4.4) the A1, A2 and A3 are constants with values of 3524641.533, 

324.718 and 13.219 respectively. The xwater and xMEA represent the mole fraction of 

water and MEA in the solvent. The calculated Henry constant values with units, as 

mentioned in Eq. (4.2), are then converted into dimensionless Henry constant by using 

Eq. (4.5) 

              
            

  
          (4.5) 

where R is the universal gas constant with value 8.314 Pa.m
3
.mole

-1
.K

-1
 and T is 

temperature in K. The contact angle value for solvent was taken as fixed at 40
0
 as given 

in Wang et al. (Wang et al. 2017). 

The ranges of values used in our simulations are as tabulated in Table 4.1. Units of all 

the variables used in the current simulations have SI units. 
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Table 4.1: Modeling input parameters 

Parameter Value/Range Units 

Operating temperature 298 K 

MEA mass fraction [0.1, 0.4] g of MEA/g solvent 

CO2 loading 0.2 Mole of CO2/mol of MEA 

Inlet N2O mole fraction 1 Dimensionless 

Liquid Reynolds number , ReL [83,249] Dimensionless 

Gas Reynolds number, ReG 200 Dimensionless 

Henry coefficient [1.42,1.8] Dimensionless 

N2O Diffusivity in solvent [5E-10,9.98E-10] m
2
/s 

Surface tension 0.0673 N/m 

Solvent contact angle 40
0
 Degree 

Gas Inlet concentration 40.896 mole/m
3
 

 

4.3 Geometry, Mesh and Boundary conditions 

 The current study was carried on 2D (two dimensional) geometry. The geometry 

under simulation is shown in Figure 4.1. The liquid enters the computational domain 

through a 1mm inlet and leaves through a 1mm outlet. The gas enters counter currently 

through a 4mm inlet and leaves through a 4mm outlet. The height of the plate on which 

the liquid flows is 50 mm and the height of the gas chamber is 55mm. Through 

preliminary investigations we found that the height of gas chamber needs to be more 

than the liquid plate height in order to capture the mass transfer effects near liquid 

entrance regions. In our simulation we used a 10% additional height for gas chamber 

(55mm) when compared to liquid plate height (50 mm) and found this geometry giving 

accurate results.  

 Generic boundary conditions available in OpenFOAM were used in this 

simulation and are listed in Table 4.2. A comprehensive work for setting up a two 

dimensional investigation in OpenFOAM using generic boundary conditions can be 

found in Tong et al. 2013 (Tong et al. 2013), for further reading. 
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Figure 4.1: Overall geometry under simulation for counter current gas-liquid flow 

 

Table 4.2: Boundary conditions 

 

Boundary 

name 

U (Velocity) p (pressure) α (phase fraction) C 

(concentration) 

Liquid inlet surfaceNormalFixedValue zeroGradient FixedValue 1 zeroGradient 

Liquid outlet zeroGradient zeroGradient zeroGradient zeroGradient 

Gas inlet surfaceNormalFixedValue zeroGradient FixedValue 0 FixedValue  

Gas outlet zeroGradient totalPressure 

p0  0; 

zeroGradient zeroGradient 

Wall on the 

liquid side 

zeroGradient zeroGradient constantAlphaContactAngle 

θ = 40
0
 

zeroGradient 

Wall on the 

gas side 

zeroGradient zeroGradient zeroGradient zeroGradient 

 

 In their investigation of counter current gas liquid mass transfer Xu(2009) found 

that to capture the mass transfer effect with reasonable accuracy a mesh size of 0.07h, 

where h is the film thickness, is required. Since the average film thickness in our study 
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is 0.4 mm the minimum size of mesh required was 0.028mm. But through our 

preliminary investigations to find the grid independency, we found that a mesh size of 

0.00625mm (approx. 0.015h) is required in order to capture the mass transfer 

effectively. The requirement of higher mesh refinement can be due to the one fluid 

formulation used in our study which involves modeling of the very low diffusivity of 

gas in the liquid solvent. The lower diffusivity confines the gas concentration layer to 

regions near interface. A similar observation of high mesh refinement was made by 

Cooke (Cooke 2016). In the remaining gas side geometry, a uniform mesh size of 

0.0125mm in the horizontal direction was used. Further refinement in this region wasn’t 

affecting the final solution of concentration field, which can be due to the higher 

diffusivity of gas. In order to reduce the computational time, the size of 0.0125mm was 

used in the gas side of domain. In the direction of height, a size of 0.1mm was used. A 

snapshot of refined mesh is given in Figure 4.2. The final mesh size was approximately 

0.3 million hexahedra cells. The details of grid independency are presented in next 

section. 

4.4 Grid Independency 

 The grid independence study was aimed to find out the minimum number of 

nodes after which an increase in the number of nodes wouldn’t affect the concentration 

measured at the outlet significantly. The study was carried for MEA weight percentage 

of 30%, at ReL of 125 and ReG of 200. The resulting graph (Fig 4.3) of liquid outlet 

concentration as a function of number of nodes clearly shows that a number of 160 

nodes (6.25µm) in the liquid inlet region of 1mm are sufficient to capture the outlet 

concentration as invariable of grid size: 

 
Figure 4.2: Mesh size distribution in the domain 
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Figure 4.3: Concentration at liquid outlet as a function of number of nodes in liquid inlet 

 

 

4.5 Solver Setting and Analysis of Results 

 Higher order vanLeer scheme available in OpenFOAM was used to solve the 

continuity, momentum and concentration Eq.s. The tolerance of 10
-14

 was used as 

convergence criteria. All the flow Eq.s were solved transiently until steady state flow 

field was achieved. An adjustable time step was used with a maximum Courant number 

of 0.9. In order to reduce the simulation time, the flow field was solved initially on a 

coarse mesh with 0.028mm in the film thickness region. Later this flow field was 

mapped on refined mesh with 0.00625mm and further simulated transiently until steady 

state flow field was achieved. The concentration Eq. was then solved independently on 

the resulting flow field with a fixed time step of 10
-5

s, until steady state was achieved. 

This procedure has resulted in reducing the overall computational time from several 

days to hours without compromising the quality of the model. Note that this suggested 

procedure is suitable for problems involving steady state solutions and may not be 

suitable for obtaining transient solutions which are highly dependent on initial 

conditions. Despite  the suggested procedure to reduce the computation time, the time to 

obtain result for one flow condition that is from solving flow field on coarse mesh to 

solving concentration Eq. was not less than 30 hours in total on a Dell workstation 

(DELL PRECISION T7810 (v2)) with 2 Intel Xeon E5-2630 v3 processors (16 core).  
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On obtaining the concentration values at steady state, the liquid side mass transfer 

coefficient is calculated from the simulation results using the Eq. (4.6) 

                  (4.6) 

where F is the mass flux at the gas -liquid interface per unit area and ∆C is the 

difference between the concentration at the interface and bulk liquid. The results are 

compared with theoretical correlation proposed by Higbie (Higbie 1935a) as Eq. (4.7)  

     
  

  
            (4.7) 

where τ is the time of exposure calculated using an expression in Eq. (4.8) reported by 

Haroun et al.(Haroun et al. 2012): 

                    (4.8) 

where L is the length of the plate and vi is the interfacial velocity  

 The interfacial velocity is calculated using Nusselt (Nusselt 1916) theory which 

is valid for laminar flows. The Nusselt expression (Eq. 4.9) predicts the liquid velocity 

within the liquid film region as a function of distance from the plate surface. The 

expression also includes the effect of inclination of the plate with respect to the 

horizontal surface.  

   
    

        

   
    

 

 
 
 

           (4.9) 

 

4.6 Results and Discussion 

4.6.1 Comparing the effect of flow rate  

 The counter current gas flow reduces and flattens the liquid surface velocity and 

the maximum liquid velocity can occur at a different position than that of interface. This 

kind of flow filed instabilities at micro scale near the interface can enhance the mass 

transfer by multitude, even in laminar flow conditions (Yu et al. 2006). Hence a study 

of influence of liquid flow rate is of prime importance in understanding the mass 

transfer under counter current flow conditions. In this study, the effect of liquid flow 

rate on absorption of gas was studied at gas phase Reynolds number of ReG = 200 and 
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for liquid phase Reynolds number of 83 <ReL<249. This ReG was the minimum value 

used in Yu et al. (Yu et al. 2006) experiments of counter current gas liquid absorption. 

Also, it was found in the Yu et al. (Yu et al. 2006) experiments that the gas phase 

velocity has little influence on the interface liquid velocity and hence the effect of 

varying gas phase velocity wasn’t studied in our investigations. The liquid and gas 

Reynolds numbers are defined as: 

     
      

  
            (4.10) 

     
      

  
            (4.11) 

 The liquid side mass transfer coefficient, kL ( with units mole/Pa.s.m
2
) is 

calculated using Eq. (4.6) where the flux value F is calculated based on overall mass 

consumption at steady state. The mass conservation inherently states that the amount of 

N2O dissolved through gas liquid interface is equal to the amount of N2O removed by 

solvent at liquid outlet. This amount of N2O removed at outlet when divided by 

interfacial area gives the mass flux value, F, in mole/m
2
-s. The resulting liquid side 

mass transfer coefficient is then compared to Higbie (Higbie 1935a) correlation for 

various ReL and results are presented in Figure 4.4. 

 The results agree very well with Higbie penetration theory at low ReL and 

deviate at higher ReL. The deviation at higher ReL can be due to the influence of surface 

instabilities whose effects aren’t included in the Higbie (Higbie 1935a) model as 

mentioned in Yu et al. (Yu et al. 2006). The deviations in the velocity profile at the 

liquid outlet from the Nusselt film profile can be seen in Figure 4.5 (a , b, c &d).Also, it 

can be due to the small size of geometry and parameters used from experimental data 

published in open literature. Since the current model is promising by accurately 

predicting the mass transfer coefficient values at low ReL, it may be used by coupling 

with studies involving DNS to develop new correlations for higher ReL and this will be 

part of our future work. 
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Figure 4.4: Liquid side mass transfer coefficient is compared to Higbie (1935) correlation 

 for varying ReL  

 
Figure 4.5(a): Comparison of velocity profile with Nusselt (1916) laminar profile at  

ReL = 83 at ReG =200 

 
 

 
Figure 4.5(b): Comparison of velocity profile with Nusselt (1916) laminar profile at  

ReL = 125 at ReG =200 
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Figure 4.5(c): Comparison of velocity profile with Nusselt (1916) laminar profile at 

ReL = 166 at ReG =200 

 

 
Figure 4.5d: Comparison of velocity profile with Nusselt (1916) laminar profile at  

ReL = 249 at ReG =200 

 

4.6.2 Comparing the influence of MEA concentration  

 Since at ReL of 125 the Higbie (Higbie 1935a) model was accurately 

approximating the liquid side mass transfer coefficient for solvent with MEA mass 

fraction of 30%, as explained in the previous section, the current study was carried at 

ReL of 125. The influence of MEA mass fraction in the liquid solvent on the liquid side 

mass transfer coefficient has been studied for four values of: 10%, 20%, 30% and 40% 

respectively. The results are as shown in Figure 4.6. 
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Figure 4.6: Comparison of liquid side mass transfer coefficient obtained from this work with 

Higbie(1935) for varying MEA concentration  

 For MEA mass fraction less than 30% the Higbie (Higbie 1935a) model over 

estimates and for mass fraction of 40% underestimates the liquid side mass transfer 

coefficient. Also for MEA mass fraction of 30% the Higbie (Higbie 1935a) model 

accurately estimates the liquid side mass transfer coefficient. This kind of behavior was 

observed by Sebastia-Saez et al. (Sebastia-Saez et al. 2015b) . Such variations occurs 

presumably due to the variation of liquid properties like kinematic viscosity and density 

of the solvent based on the MEA mass fraction. Hence it is safe to say that, using this 

approach a better estimate of physical mass transfer can be obtained than theoretical 

models. Since the MEA mass fraction is an important parameter influencing the 

chemical absorption rate (Meldon & Morales-Cabrera 2011) the current approach is 

suggested for estimating the enhancement factor and studies involving the design of 

CO2 reactors. 

4.6.3 Comparing the influence of angle of inclination of plate to the horizontal 

plane 

 In the two previous sections the film was flowing downward on a vertical plate. 

But in practice corrugated sheets are used for designing packed beds. These packed beds 

are generally made of metal sheets of steel and have corrugated textures with an angle 

of 45
0
 or 60

0
 between the corrugations respectively (Kohrt et al. 2011). In this study, the 

influence of the plate inclination on the liquid side mass transfer coefficient was also 

investigated for inclinations of 45
0
 and 60

0
 at ReL of 83 for solvent with MEA mass 

0.00E+00 

2.00E-05 

4.00E-05 

6.00E-05 

8.00E-05 

1.00E-04 

1.20E-04 

1.40E-04 

1.60E-04 

0 10 20 30 40 50 

liq
u

id
 s

id
e

 m
as

s 
tr

an
sf

e
r 

co
e

ff
ic

ie
n

t,
kL

 

% MEA mass fraction  

kL (this work) 

Higbie (1935) 



58 
 

fraction of 30%. Figure 4.7 shows simulation domain of an inclined plate in our 

simulation. The results are shown in Figure 4.8. The liquid side mass transfer 

coefficient is exactly approximated by Higbie (Higbie 1935a) model. Hence it is 

concluded that the current model allows the modeling of physical mass transfer in 

counter current flow on corrugated sheets, which are used to increase the available 

surface area per unit volume of the packed bed, accurately.  

 

Figure 4.7: Domain inclined to the horizontal plane by an angle of β 

 

 

Figure 4.8: Comparison of liquid side mass transfer coefficient obtained from this work with Higbie 

(1935) at different inclinations of flat plate 

4.7 Conclusions 

 In this study we implement and analyze the advantages and limitations of one 

fluid formulation approach for CO2 physical mass transfer into MEA. The domain 

considered is a flat plate and gas liquid flow is counter current. The analysis was carried 

for operating parameters like liquid phase Reynolds number in the range of 83 

<ReL<249, MEA mass fraction in the range of 0.1 to 0.4 and for the angle of inclination 

of flat plate varying between 45 to 90
0
 respectively.   

0.00E+00 

2.00E-05 

4.00E-05 

6.00E-05 

8.00E-05 

1.00E-04 

1.20E-04 

0 50 100 li
q

u
id

 s
id

e 
m

a
ss

 t
ra

n
sf

er
 

co
ef

fi
ci

en
t,

 k
L

 

Angle of inclination to horizontal palne in degree

kL(this work) 

Higbie (1935) 



59 
 

 The results clearly show that the model effectively captures the deviation in 

liquid side mass transfer coefficient due to the surface instabilities which are significant 

at higher Reynolds numbers. The effect of liquid properties which vary with the mass 

fraction of MEA in the solvent are also predicted with greater accuracy. These effects 

are generally neglected in the standard correlations. The model also shows that the 

standard Higbie correlation is well suitable for modeling the flows at low Reynolds 

number. 

 The grid independent studies show that a size of 6.25µm is required in the 

interface region for effectively using this approach.  The requirement of this high mesh 

resolution results in high computational resource time. In order to reduce the overall 

computational time we adopted a sequential procedure of solving the concentration 

equation independently on the desired flow field. Also the time required for obtaining 

the flow field was further reduced by first solving the flow field on a coarse mesh and 

mapping the result on refined a mesh. This procedure was found to reduce the overall 

computational time from days to hours. However it should be noted that the suggested 

procedure is suitable for problems involving steady state solutions and may not be 

suitable for obtaining transient solutions which are highly dependent on initial 

conditions. 

 In conclusion, it can be said that the CFD modeling of mass transfer by one fluid 

formulation is proven to be a promising approach and an alternative to experimentation 

.The higher accuracy of this approach is due to the consideration of the effect of 

thermodynamic properties like diffusion and solubility on mass transfer coefficient 

instead of using derived values from correlations. Hence future CFD investigations of 

micro structure impact on CO2 mass transfer can be carried using this approach and our 

suggested procedure can be adopted for reducing the simulation time effectively. 
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5. MODELING OF SURFACE TEXTURE INFLUENCE ON CO2 MASS 

TRANSFER INTO MEA BY OPENFOAM 

 

 Structured packing columns, also referred as ordered packing columns, are 

widely used in separation processes involving removal of pollutant gases like CO2 from 

industrial emissions. They are found to give higher mass transfer rates and any kind of 

development in their design can help in enhancing the industrial energy savings 

(Schultes & Chambers 2007). In view of their importance, several investigations were 

carried in the last decades to find the optimal designing and operating parameters (Li et 

al. 2014; Pham et al. 2015; Aroonwilas et al. 2001; Aroonwilas et al. 2003).  

 One of the most important parameters which can influence the overall 

performance of the structured packing is the micro texture patterns, often referred as 

surface roughness, on the corrugated sheets (Yu et al. 2018; Kohrt et al. 2011). Majority 

of the research till date was confined to study the hydrodynamics of the single phase 

and two-phase (gas-liquid) flows on micro texture patterns. The patterns in all these 

investigations were comparable to the texture pattern size of commercial Mellapack 

250Y. The first of this kind of investigations about the influence of amplitude of 

periodic microstructure on liquid film thickness were carried by Zhao and Cerro (Zhao 

& Cerro 1992). In their experiments, the film thickness enhancement was studied for 

Nusselt film thickness to amplitude ratio ranging from 0.1 to 1. 

 Since the experimental analysis is time-consuming and doesn’t provide the flow 

field details, CFD was found as an attractive technique for analysis of hydrodynamics of 

micro-structured patterns(Xu et al. 2014; Hoffmann et al. 2004; Huang et al. 2015). 

Szulczewska et al. (Szulczewska et al. 2003) studied the hydrodynamics of 

countercurrent gas-liquid flow in a 2D domain of Meallpack 250Y with surface 

textures. Valluri et al. (Valluri et al. 2005) studied liquid film flow on 2D sinusoidal 

surfaces and Li et al. (Li et al. 2016) have studied the hydrodynamics of wave patterned 

textures in 2D. Li et al. (Li et al. 2016) also extended their studies to investigate the 

effective wetted area in 3D.  

 To the author’s best knowledge the mass transfer analysis of the texture patterns 

is very scarce. Kohrt et al. (Kohrt et al. 2011) studied the influence of micro texture on 

the liquid side mass transfer of CO2 into silicon oil. The texture patterns used in their 

investigation were unidirectional transversal waves and bidirectional pyramidal 
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structures of the size comparable to the texture size of Zhao and Cerro (Zhao & Cerro 

1992) experiment. They found the textures enhanced the mass transfer by almost 80%. 

Yu.et al. (Yu et al. 2018) investigated the mass transfer of O2 into the water for wavy 

texture pattern developed by Li et al. (Li et al. 2016) and found the enhancement in the 

mass transfer by 20%. They have pointed a need for detail CFD investigations to study 

the impact of surface roughness on mass transfer. To sum up, there is a need to evaluate 

the influence of the micro structures on the mass transfer of CO2 into MEA 

(monoethanolamine). 

 In this chapter, the influence of micro structures on the mass transfer of CO2 into 

30% MEA solvent was carried for countercurrent gas-liquid flow condition. The mass 

transfer studies were initially carried for commercial Mellapack 250 Y structure and the 

studies were then extended to structures with different amplitudes and patterns. The 

simulations were carried at fixed flow rates of gas and liquid, keeping the geometry 

structure size as the only variable, in order to compare the impact of the geometry on 

the mass transfer. The flow rates were chosen to keep the gas-liquid flow essentially 

laminar to avoid the influence of turbulence mixing on the overall mass transfer. 

Important design parameter was detected and suggestions were made for developing 

new designs based on this parameter. The effect of CO2-MEA reaction on mass transfer 

was not considered in the current study as the change in the liquid solvent concentration 

is insignificant at micro-scale analysis (Sebastia-Saez et al. 2015b). To the author’s best 

knowledge there is no detail CFD study investigating the impact of various texture 

pattern design parameters impact on gas-liquid mass transfer. This is the first attempt in 

that direction. 

5.1. Modeling and Analysis 

 The theory, mathematical background and methodology for deriving the input 

parameters are similar to the methodology in the previous Chapter 4. The only 

difference in the current investigation is that the operating temperature was fixed at 

298K and the liquid solvent considered was 30% MEA without CO2 loading. The 

values used in our simulations are as tabulated in Table 5.1.  
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Table 5.1: Input parameter values 
 

Parameter Value/Range Units 

Operating temperature 298 K 

MEA mass fraction 0.3 g of MEA/g solvent 

CO2 loading 0 Mole of CO2/mol of MEA 

Inlet N2O mole fraction 1  

Liquid Reynolds number , ReL 30  

Gas Reynolds number, ReG 21  

Henry coefficient 1.54 Dimensionless 

N2O Diffusivity in solvent 7.76E-10 m
2
/s 

Gas Inlet concentration 1 Normalized, Dimensionless 

Surface Tension of MEA 0.065 N m-1 

 

 

5.2 Geometry, Mesh, and Boundary Conditions 

 The current study was carried on 2D (two dimensional) geometry. The overall 

geometry under simulation is shown in Figure 5.1. The domain is inclined at an angle 

(β) of 60
0
 to the horizontal plane (the angle at which commercial corrugated sheets are 

inclined generally).The liquid enters the computational domain through a 1mm inlet and 

leaves through a 1mm outlet. The gas enters counter currently through a 4mm inlet and 

leaves through a 4mm outlet. The height of the plate on which the liquid flows is 35 mm 

and the height of the gas chamber is 45mm. Through preliminary investigations, we 

found that the height of gas chamber needs to be more than the liquid plate height in 

order to capture the mass transfer effects near liquid entrance regions. In our simulation 

we used a 10 mm additional height for gas chamber (45mm) when compared to liquid 

plate height (30 mm) and found this geometry giving accurate results. Generic boundary 

conditions available in OpenFOAM were used in this simulation as listed in Table 5.2.  

 The texture plates investigated are placed at the center of the domain and spread 

over 15mm. The base width (λ) and amplitude 2A were varied and tested for three 

different combinations as shown in Figure 5.2. The investigations were carried initially 

for commercial Mellapack 250Y geometry with triangular and wave structure followed 

by altering the 2A/λ ratio. An additional investigation was also carried for texture 

having a flat surface between consecutive peaks. 
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Figure 5.1: Overall geometry with textures inclined at an angle of β (=60
0
) to the horizontal plane 

 

 

 

 
 

Figure 5.2: Texture patterns investigated 

 

Table 5.2: Boundary conditions 

 

Boundary  U  p  α  C  

Liquid inlet surfaceNormalFixedValue zeroGradient FixedValue 1 zeroGradient 

Liquid 

outlet 

zeroGradient zeroGradient zeroGradient zeroGradient 

Gas inlet surfaceNormalFixedValue zeroGradient FixedValue 0 FixedValue  

Gas outlet zeroGradient totalPressure p0  

0; 

zeroGradient zeroGradient 

Wall  zeroGradient zeroGradient zeroGradient zeroGradient 
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 In their investigation of counter current gas-liquid mass transfer Xu et al.(Xu et 

al. 2009) found that to capture the mass transfer effect with reasonable accuracy a mesh 

size of 0.07h, where h is the film thickness, is required. Since the average film thickness 

in our study is 0.4 mm the minimum size of the mesh required was 0.028mm. But 

through our preliminary investigations to find the grid independency, we found that a 

mesh size of 0.00625mm (approx. 0.015h) is required in order to capture the mass 

transfer effectively. The requirement of higher mesh refinement can be due to the one 

fluid formulation used in our study which involves modeling of the very low diffusivity 

of gas in the liquid solvent. The lower diffusivity confines the gas concentration layer to 

regions near the interface. A similar observation of high mesh refinement was made by 

Cooke (Cooke 2016). In the remaining gas side geometry, a uniform mesh size of 

0.0125mm in the horizontal direction was used. Further refinement in this region wasn’t 

affecting the final solution of concentration field, which can be due to the higher 

diffusivity of the gas. In order to reduce the computational time, the size of 0.0125mm 

was used in the gas side of the domain. In the direction of height, a size of 0.1mm was 

used. A snapshot of refined mesh for individual texture is shown in Figure 5.3. The final 

mesh size was approximately 0.3 million hexahedra cells.  

 
 

Figure 5.3: Refined mesh on triangular texture patterns investigated 
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5.3 Solver Setting and Analysis of Results 

 The solver settings and methodology for the analysis of the results used in 

Chapter 4 are effectively used for this investigation. Also and additional user defined 

code was written for post processing of liquid film height from the iso-surface of the 

solvent volume fraction (α=0.5). 

5.4 Results and Discussion 

5.6.1 Effect of texture geometry: wave vs triangular  

 All the simulations were carried at a fixed liquid and gas Reynolds number of 

ReL = 30 and ReG = 21. At these low Reynolds numbers the flow field is safely assumed 

laminar. Also, the evaluation at fixed Reynolds number allows investigation of 

geometry effect on mass transfer in detail by avoiding the influence of other flow 

parameters like pressure drop and turbulence. The liquid side ReL was chosen such that 

the Nusselt film thickness (equation 21) at this flow rate was 0.4mm.  

 The effect of texture type was studied for two generally used texture types: wave 

and triangular. The 2A/λ ratio for both the textures was fixed at 0.2, which is similar to 

the 2A/λ of surface textures in commercial Mellapack 250Y structured columns. The λ 

value is 3 mm for both the textures. The film thickness on the two surfaces is as shown 

in Figure 5.4a, 5.4b. 

 From Figure 5.4(a) and Figure 5.4(b), it can be clearly seen that the resulting 

film thickness doesn’t vary highly from Nusselt film thickness (equation 21) of 0.4mm. 

But the mass flux, liquid side mass transfer coefficient and the mass fraction of CO2 at 

the solvent outlet, as given in Table 5.3, for wave pattern are found to be higher than the 

values generated by triangular pattern with same 2A/λ ratio. This enhancement in mass 

transfer can be due to the formation of waves with higher amplitude of value ≈ 0.6mm 

in the wave patterned texture when compared with the triangular texture having wave 

amplitudes of ≈ 0.5mm. Hence it can be concluded that the amplitude of the wave plays 

a dominant role in the mass transfer process and wave patterns must be preferred over 

triangular texture patterns for attaining higher mass transfer rates.   
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(a) 

 
(b) 

 
Figure 5.4(a), 5.4(b): Film thickness over wave and triangular texture patterns 

 

 

5.6.2 Effect of having a flat surface between consecutive peaks 

 A flat surface between consecutive peaks can help in reducing the liquid holdup 

by avoiding solvent accumulation in the valley region between consecutive peaks. This 

can effectively enhance the utilization of solvent. Keeping this observation in view we 

have analyzed mass transfer over a wave patterned texture separated by a flat surface of 

length equal to 1mm. The geometry is referred in our work as “Semi wave” and is 

shown in Figure 5.3. The resulting film thickness distribution over the plate is shown in 

Figure 5.5. 
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 From Figure 5.5 it can be seen that the resulting film thickness isn’t varying 

significantly from Nusselt film thickness. But the mass flux, liquid side mass transfer 

coefficient and the mass fraction of CO2 at the solvent outlet, as shown in Table 5.3, 

were found less when compared to texture without the flat surface between the peaks. It 

can be due to the decrease in wave amplitude which for this texture pattern was ≈ 

0.4mm. 

Table 5.3: Mass flux, liquid side mass transfer coefficient and CO2 mass fraction at solvent outlet for 

different texture patterns 

 
Texture Pattern 2A/λ 

ratio 

λ in mm F x 10
5 

[mol/m
2
-s] 

kL x 10
5 

[mol/Pa.s.m
2
] 

CO2 mass fraction at 

solvent outlet 

Plane - - 3.58 5.65 0.029 

Triangular 0.2 3 9.4 15.6 0.0745 

Triangular 0.1 3 7.7 12.6 0.06 

Wave 0.2 3 9.76 16.3 0.084 

Double triangle 0.2 1.5 9.77 16.3 0.084 

Semi wave 0.2 3 8.52 14 0.07 

 

 

5.6.3 Effect of 2A/λ ratio 

 The 2A/λ ratio was altered in this study by varying three amplitude (2A) values 

of 0.3, 0.6 and 0.9mm by retaining the λ value of 3mm. The intermediate value of 2A = 

0.6mm and λ=3mm corresponds to commercial Mellapack 250-Y, as discussed in 

previous sections. For amplitude value of 0.9mm the film was found break into droplets 

by entering the gas side tangentially. This is not desirable in reactors as it can lead to the 

carryover of the solvent by gas. The resulting film thickness distribution is shown in 

Figure 5.6. 

 The resulting film thickness is having a thickness of ≈ 0.4mm without noticeable 

amplitude. The corresponding values of mass flux, liquid side mass transfer coefficient 

and CO2 mass fraction at solvent outlet , as shown in Table 5.3, were found less when 

compared with standard Mella pack configuration. From this, it can be concluded that 

the amplitude of the wave plays a dominant role in the designing of texture patterns. 
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Figure 5.5: Film thickness over semi wave texture pattern 

 

 
Figure 5.6: Film thickness over texture pattern with 2a/λ ratio of 0.2 and 2A=0.3mm 

 

 

5.6.4 Effect of increasing number of textures 

 In the section, we investigate the effect of increasing the number of textures by 

retaining the 2A/λ ratio. The textures under consideration have 2A value of 0.3mm and 

λ value of 1.5mm. This has resulted in ‘two triangular’ textures in the same area of a 

single texture of Mella pack 250-Y. For ease, we refer this texture as “double triangle” 

in this article. The resulting film thickness distribution is shown in Figure 5.7. 
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Figure 5.7: Film thickness over double triangle texture pattern  

 

 From the film thickness distribution, it is evident that the amplitude of the wave 

generated by this pattern with lesser 2A of 0.3mm and same 2A/λ is comparable in size 

to the wave amplitude generated by 0.6mm. The corresponding values of mass flux, 

liquid side mass transfer coefficient and the CO2 mass fraction at solvent outlet, as 

shown in Table 3, were found to have values closer to the values generated by wave 

pattern with 2A values of 0.6. It can be due to the increased number of wave peaks 

generated by this pattern. Hence it can be safely said that the amplitude of resulting 

wave and number of waves generated will have direct influence over the amount of 

mass transfer possible by a texture pattern. 

5.7 Conclusions 

 In this chapter, surface texture patterns influence on the physical mass transfer 

of CO2 into MEA solvent was studied in detail. The study was carried by implementing 

one fluid formulation for specie transfer across immiscible phases in OpenFOAM. The 

mass transfer studies were initially carried for commercial Mellapack 250 Y structure 

and then studies were extended to structures with different amplitudes and patterns. All 

the simulations were carried at a fixed liquid and gas Reynolds number of ReL = 30 and 

ReG = 21. The following important observations were drawn: 

1. One of the most important design parameters in the design of surface texture is 

2A/λ. The value of this parameter must be less than 0.2 which otherwise will 

result in the breakage of the liquid film by directing the solvent to flow to gas 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

0 5 10 15 20 25 30 35 

fi
lm

 t
h

ic
kn

e
ss

 [
m

m
] 

distance from inlet [mm] 



70 
 

region resulting in the formation of solvent droplets which can eventually be 

carried away by gas.   

2. The amplitude of the waves generated in the plane surface region was 

comparable to the Nusselt film thickness region but found varying by 50% in the 

region of textures. 

3. The wave pattern texture is found to be effective when compared with the 

triangular texture pattern. Hence future research can be based on this kind of 

patterns  

4. The amplitude of resulting wave and the number of waves were found to 

influence the mass transfer significantly 

 In conclusion, a surface texture with continuous wave pattern with reduced size 

and having amplitude to base ratio of 0.2 is suggested for better mass transfer in 

structured packing columns. A detailed three-dimensional study of the patterns based on 

these observations is carried and results are presented in the next chapters. 
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6. EFFECT OF SURFACE TEXTURES ON INTERFACIAL AREA 

 From chapters 4 and 5, it can be clearly seen that the computational mesh 

required to capture the details of mass transfer in the film region is very high by using 

the one fluid formulation. Also it was clearly found in the study by Haroun et al 

(Haroun et al. 2014) that the interfacial area contributes to 80% of the total mass 

transfer and hence the designing of the structured packing must focus on enhancing the 

effective interfacial area. Keeping this observation in view and using the designing 

parametric observations of Chapter 5, in this chapter the influence of surface textures on 

the interfacial area was studied in detail and also a new surface texture was proposed 

that is found to produce high interfacial area at low liquid flow rate. 

 Iso and Chen (Iso & Chen 2011) in their study about the influence of surface 

textures had found that the surface textures contribute significantly in enhancing the 

interfacial area. They have studied the influence of textures for the liquid film generated 

for water flowing on a flat plate in a domain filled with air. The size of the geometry 

was similar to the geometry of Hoffmann et al (Hoffmann et al. 2006). Sebastia-Saez 

(Sebastia-Saez et al. 2014) studied the influence of textures on interfacial area and also 

the oxygen absorption rate. They have insisted on detail investigation in this regard.  

The boundary condition for inlet of liquid was chosen as 0.4 mm in height along the 

width of the plate. This kind of inlet boundary condition was used by Xu et al (Xu et al. 

2014) who studied the effect of counter current gas liquid flow on the flat plate. 

6.1 Effect of Surface Textures on Interfacial Area 

 As the interfacial area on flat plate was well studied for water by (Xu et al. 2014; 

Sebastia-Saez et al. 2014) along with grid independency studies, in this study the effect 

of surface texture on the interfacial area was carried for  MEA solvent. MEA 30% (wt 

%) was chosen as the solvent flowing over the plate as it is the amine solvent preferably 

used in industries. The properties were taken from the references mentioned in Chapter 

4 and 5. The plane and texture geometry was chosen similar to the geometry of the 

works  of Iso and Chen (Iso & Chen 2011). The mesh density used was similar to the 

works of Xu et al (Xu et al. 2014) with having a minimum of 8 nodes in film region. 

The boundary conditions were similar to the works of Iso and Chen (Iso & Chen 2011). 

The results are as shown in Figure 6.1. 
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 The interface area on the flow was observed to achieve a quasi steady value 

(oscillating with less than 2% deviation for every times step) within 0.25s for plane and 

2s for textured plates; all the simulations in this study were carried for 5s. From the 

results it can be clearly seen that the surface textures spread the solvent over the flat 

plate and hence enhance the available interfacial area. Also it can be observed that a full 

film is formed at low Reynolds number of 32 by MEA solvent which can be due to the 

high viscosity of the amine solvent. The film height function written as part of the thesis 

is found effective in visualizing the film height distribution across the plate surface. 

Followed by this a new texture was proposed in this thesis as shown in the Figure 6.2. 

The new texture was proposed on the observation of keeping the 2A/λ less than 0.2 

based on the observations of Chapter 5. 

  

 

 

 

 

 

 

 

 

Figure 6.1: 30% MEA flow over Flat and textured plate at Re of 8, 16, 24 and 32 

ReL= 8 ReL= 16 ReL= 24 ReL= 32 

ReL= 8 ReL= 16 ReL= 24 ReL= 32 
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Figure 6.2: Texture-1 similar to the texture used by Iso and Chen (2011) and the New texture developed 

in the present work on the right side. 

 The new texture proposed was then tested starting from low Reynolds numbers. 

This is to verify whether the proposed texture will be effectively producing interfacial 

area at low Reynolds number or not. As the design was effectively based on the 

parameters derived in Chapter 5, the flat plate with proposed texture was able to 

produce a full film on entire flat plate at a Reynolds number of 16 as shown in Figure 

6.3.  

 

 

 

Figure 6.3: MEA 30% solvent flow over the proposed new texture at ReL of 8, 16. 

 

 Wetted area plays an important role in the overall performance of the structured 

packing. Wetted area is defined as the ratio of the interfacial area to the plate area. It is 

used as a parameter to measure the effectiveness of the structured packing. The resulting 

wetted area for the plane and the two textured geometries (similar to Iso and Chen (Iso 

ReL= 8 ReL= 16 
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& Chen 2011) and new pattern in proposed in the current thesis) is plotted against ReL 

in Figure 6.4. It can be seen that the proposed surface texture produces a wetted area 

ratio of 1.0 at low ReL of 16. 

 

 

Figure 6.4: Wetted area vs ReL for MEA 30% for plane and surface textures. 

 A part from the wetted area liquid hold up also plays an important role in 

determining the effective utilization of structured packing (Aferka et al. 2011). Liquid 

holdup can be defined as the volume of stationary liquid that exists in the form of a film 

on the surface of the packing or is present in voids, dead spots, and phase boundaries in 

the bed of packing within a column during the period in which the liquid phase 

descends at a constant rate onto the surface of the bed (Zakeri et al. 2012a). Using the 

additional code developed and implemented in this thesis (Appendix) the liquid hold up 

was calculated for plane and the two surface textures described in Figure 6.2. The 

results are as given in Figure 6.5: 

 From the results in Figure 6.5, it can be seen that the proposed new surface 

texture doesn’t enhance the liquid hold up significantly when compared with the 

Texture-1 at ReL of 16 but at the same time produces full film at ReL of 16 as shown in 

Figure 6.3. 

 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

8 16 24 32 

ra
ti

o
 o

f 
in

te
rf

ac
e

 a
re

a/
to

ta
l p

la
te

 
ar

e
a 

Re 

Wetted area ratio 

Flat Plate 

Texture-1 

New-Texture 



75 
 

 

Figure 6.5: Liquid hold up vs ReL for MEA 30% for plane and surface textures 

 

 

6.2 Experimental Qualitative Verification of Effect of Surface Texture on Wetted 

Area 

 The proposed texture design was experimentally verified for observing the 

influence of texture of wetted area for selected flow rates. The flow rates were selected 

in a way that at these flow rates channel flow occurs on plane surface. This kind of 

analysis will be useful to understand the spreading phenomenon produced by surface 

textures.  

 

6.2.1 Experimental setup 

 Since MEA requires very low flow rate (<120 ml/min), expensive and can react 

with coloring agent, water was chosen as working fluid for ease of experiment. Water 

was used at atmospheric conditions (20
0
C) and the overall setup is as shown in Figure 

6.6 (a). Continuous and controlled flow was achieved by Longer® Gear Pump (Model 

WT 3000). The flow rates chosen for this work were 450, 550 and 600 mL/min. These 

flow rates were chosen after repeating experiments twice by adjusting flow rate 

carefully, starting with high flow rate of 800 mL/min (full film condition) and 

decreasing by 10 mL/min every instant, and allowing the flow to settle to achieve steady 

state. Methyl blue was used as a coloring agent. The plane and textured plates were 

made with Aluminium from a local firm in Turkey. No special arrangement was made 
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at inlet of the plate. The flow on the plates is open to atmosphere and is under the 

influence of gravity and surface tension forces. The plates, as shown in Figure 6.6(b), 

were having an extension of 20mm upstream and downstream to allow the liquid to 

form film at the entrance of the textured region surface. All the walls except the metal 

plate were made of PVC transparent plates. The experiment differs from the 

experiments carried by Hoffmann et al (Hoffmann et al. 2006) (for a flat plate) and and 

Iso and Chen (Iso & Chen 2011) (flat and textured plate), in terms of the material of 

construction ( which is aluminum in this study) and the side walls (made up of PVC in 

this study). CFD simulations were carried for the channel flow conditions of 450 

mL/min using water as working fluid with density 1000 kg/m
3
, γ=10

-6
 m

2
/s and surface 

tension of 0.07 N/m. The contact angle with the wall was fixed as 70
0
. The 

computational domain and boundary conditions were same to that used for the MEA 

solvent simulations in the section 6.1. The simulations were carried for a time of 1s.  

 

 

Figure 6.6: Overall experimental setup of flat and textured plate investigation 
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6.2.2 Results 

 The resulting flow patterns at these experimental flow rates are as shown in 

Figure 6.7, Figure 6.8 and Figure 6.9. The resulting flow patterns on the experiment 

were compared to the CFD simulations in Figure 6.10, Figure 6.11 ad Figure 6.12. The 

textured plate area in the middle of the plate section, which is the exact size of the 

computational domain, was used to compare the CFD simulation results (contours of 

iso-surface of volume fraction, α=0.5).  

 A clear enhancement in wetted area was found and was highlighted for ease of 

identification. It can be clearly seen from the results that the proposed texture produces 

enhanced wetted area even at low flow rate (450 mL/min) when compared with the 

plane and the surface texture that was used in the previous experiments by Iso and Chen 

(Iso & Chen 2011). CFD simulations results are in close approximation of the 

experimental results produced for the flat plate. But for the textured plates, the 

experimental flow patterns were found to have asymmetry distribution of the film where 

as CFD simulations found to result in symmetry fluid film. The asymmetry in 

experimental results can be due to the metal surface finishing of the textured plates 

whereas the symmetry nature of the film in the CFD results can be due to the treatment 

of the plates as perfectly finished without roughness.  

6.3 Conclusions 

 From the works of this chapter it is evident that a new design of surface texture 

utilizing the proposed design suggestions in Chapter 5, like the one developed in this 

chapter, can significantly enhance the available wetted area (gas-liquid interfacial area) 

and eventually lead to enhanced mass transfer.  
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Figure 6.7: Flow pattern generated by water at a flow rate of 450 mL/min on (a) plane, (b) Iso and 

Chen(2011)  and (c) new texture pattern proposed in this thesis 

 

 

Figure 6.8: Flow pattern generated by water at a flow rate of 550 mL/min on (a) plane, (b) Iso and  

Chen (2011) and (c) new texture pattern proposed in this thesis 
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Figure 6.9: Flow pattern generated by water at a flow rate of 600 mL/min on (a) plane, (b) Iso and 

 Chen (2011) and (c) New texture pattern proposed in this thesis 

 

 

Figure 6.10. CFD and experiment results at 450 mL/min for a plane surface 
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Figure 6.11: CFD and experiment results at 450 mL/min for a textured plate surface whose geometry is 

similar to Iso and Chen (2011)  

 

 

Figure 6.12: CFD and experiment results at 450 mL/min for a textured plate surface  

developed in this work  
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7. MESO-SCALE MODELING OF PRESSURE DROP IN PACKED COLUMNS 

WITH SURFACE TEXTURES 

 The aim of the meso-scale analysis in the literature has always been to calculate 

the pressure drop that constitutes the major part of the overall operational cost of a post 

combustion CCS facility (Li et al. 2016). The calculation of pressure drop can be 

divided into two parts as the dry and wet pressure drop. In this chapter the effect of 

surface textures on the pressure drop is presented in detail for MEA 30% solvent with 

determining the wet pressure drop as main objective.  

 

7.1 Overall Description of Geometry and Modeling Approach 

 As outlined in Chapter 3, the procedure of calculating the pressure drop involves 

evaluation of the relation between the pressure drop and kinetic energy in a way similar 

to Darcy-Weisbach (Brown 2002) equation. For calculating the wet pressure drop, the 

procedure suggested by Fernandes et al (Fernandes et al. 2009), pseudo single phase 

approach is used. The approach involves the calculation of effective gas velocity which 

includes the effect of the decrease in the available gas volume using the liquid holdup.  

The liquid holdup is calculated by the user code developed as part of the thesis 

(Appendix). RNG k-  turbulence model (Yakhot et al. 1992) was used for modeling 

turbulence effects as suggested by Li et al (Li et al. 2016).  

 The geometry considered was of height of 82mm with a width of 96mm having 

three consecutive corrugations of size of that of commercial Mellapak 250-X . Meso-

scale analysis using three consecutive corrugations was proven preferable by works of 

Li et al (Li et al. 2016). The Mellapak 250-X corrugations have a base of 22.6 mm and a 

height of 11.3 m (Haroun et al. 2014). The corrugations are considered with plane as 

well as with the textures as described in Chapter 6. The overall geometry is as shown in 

Figure 7.1.The mesh density for calculating the liquid holdup was similar to the work in 

Chapter 6.  For pressure drop analysis, the mesh was sufficiently refined on all the walls 

in order to maintain the y+ less than 5 (well less than 4) in order to accurately capture 

the turbulent pressure losses by using RNG k-  turbulence model. The gas was flowing 

in bottom up direction. 

 As a first step, the effect of dry and wet pressure drops for plane corrugations 

were calculated using CFD and results were compared with the experimental works of 

Zakari et al (Zakeri et al. 2012b) who carried the effect pressure drop calculations for 
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MEA 30% on Sulzer Mellapak 2X packing.  Then the analysis was extended to 

geometry with both the textures (Texture-1 and New-Texture) described in Chapter 6. 

 

7.2 Dry and Wet Pressure Drop of Plane Geometry 

 As a first step liquid holdup was determined as for liquid load of 5m
3
/m

2
-h and 

25m
3
/m

2
-h using the procedure described in Chapter 6 as 0.0447 and 0.1. The results for 

dry pressure drop (without liquid load) and wet pressure drop are shown in Figure 7.2 

 

 

(a)                                                    (b)                                                    (c) 

Figure 7.1: Geometry with three Mellapack-250X corrugations with (a) plane (b) Texture1 and 

(c) New texture developed in this thesis 

 

 

Figure 7.2: Dry and wet pressure drop of Mellapack-250X corrugations with plane surface 

compared with the results of Zakari et al (2012) 

0 

1 

2 

3 

4 

5 

6 

1 2 3 4 5 

p
re

ss
u

re
 d

ro
p

 in
 m

b
ar

/h
e

ig
h

t 
in

 m
 

F-factor(Pa^0.5) 

Dry pressure drop 
Zakari et al(2012) 

Dry pressure drop this 
work 

Pressure drop at liquid 
load 25 Zakari et al 
(2012) 

Pressure drop at liquid 
load 25 this work 

Pressure drop at liquid 
load 5 Zakari et al 
(2012) 



83 
 

 From Figure 7.2 it can be clearly seen that the non-linear dependency of pressure 

drop with kinetic energy (F-factor) is clearly captured by current simulations. The 

results closely follow the experimental results at lower liquid loads and deviate at higher 

liquid loads which can be due to the differences in the geometry under simulation and 

other modeling and experimental deviations. This kind of deviations are found 

inevitable when simulations are compared with experimental results (Sebastia-Saez et 

al. 2015a).  

7.3 Comparison of Dry and Wet Pressure Drop of Plane, Texture-1 & New-texture 

 Adopting a similar procedure of Section 7.1, the dry and wet pressure drops 

were calculated for liquid load of 5m
3
/m

2
-h and 25m

3
/m

2
-h for all geometries shown in 

Figure 7.1. The resulting liquid holdup values are summarized in Table 7.1 and the 

resulting plot of pressure drop vs F-factor is shown in Figure 7.3, Figure 7.4 and Figure 

7.5. 

 From the Figure 7.3, Figure 7.4 and Figure 7.5, it can be clearly seen that the 

textures result in higher pressure drop when operated at same liquid load and F-factor. It 

is due to the resistance offered by the surface textures to the flow. But in practice the 

geometries with textured packing, as detailed in Chapter 6, are operated at low liquid 

loads as they produce higher interfacial areas at low liquid loads. At low liquid loads 

texture geometries produce lesser pressure drop when compared with the plane 

geometries operated at high liquid loads to produce same interfacial area. 

 

Table 7.1: Liquid hold up values at different liquid loads 

liquid load (m
3
/m

2
-h) Plane Texture-1 New-Texture 

5 0.0447 0.034 0.0311 

25 0.1 0.0963 0.0651 
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Figure 7.3: Dry pressure drop of Mellapack-250X corrugations with plane and texture geometries 

 

 

 

Figure 7.4: Wet pressure drop of Mellapack-250X corrugations at liquid load of 25 m
3
/m

2
-h with plane 

and texture geometries 
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Figure 7.5: Wet pressure drop of Mellapack-250X corrugations at liquid load of 5m
3
/m

2
-h with plane and 

texture geometries 

 

7.4 Conclusions 

 From detailed analysis of dry and wet pressure drop under the influence of 

surface textures carried in this chapter it can be concluded that addition of textures will 

lead to increase in pressure drop. But since the textures effectively spread the fluid 

resulting in higher interfacial area, geometries with surface textures can be operated at 

low liquid loads which can eventually reduce the operating cost in terms of pressure 

drop. CFD is found an effective tool in understanding this phenomena in detail and 

hence carrying a detailed CFD analysis can help in deciding the design for desired gas 

liquid flows.  
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8. FINAL REMARKS 

 

 This thesis deals in detail about the influence of structured packing surface 

texture on CO2 absorption. Simulations were carried using OpenFOAM (open source 

CFD software). Even though OpenFOAM is a general purpose CFD code, it allows 

additional code to be implemented using C++ language for deriving the results that 

aren’t available in default software. 

8.1 Contributions to Knowledge: 

The contributions of the present thesis are listed as follows: 

1. This thesis discuss the most reliable approach called one fluid formulation for 

modeling the mass transfer across immiscible phases and suggests methods to 

overcome limitations found during its implementation in OpenFOAM. Also a 

procedure is suggested to reduce the overall computational resource required for 

simulating the system of equations.  

2. The additional functions implemented helps users to derive correct values of 

liquid hold up, film height distribution and interfacial area through developed 

additional functions 

3. This thesis proposes a best practice of keeping “amplitude to base ratio of a 

texture <0.2”.  

4. A new texture was developed based on the suggested amplitude to base ratio and 

verified by both CFD and experiment for its effectiveness of producing higher 

wetted area (gas liquid interfacial area) when compared with existing 

commercial packing textures. 

5. This thesis derives the pressure drop by considering detailed surface texture 

geometry at meso-scale for the first time. 

8.2 Summary of Results: 

 Surface texture patterns on the structured packing elements are found to highly 

influence the efficiency of the post combustion carbon capture and storage process. The 

importance of surface textures and need of detailed investigations were highlighted in 

the literature section of the thesis. As discussed in literature, the surface texture patterns 

are of micro scale and demand detail investigations at this scale. OpenFOAM (open 

source CFD software) was effectively used for this purpose. 
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 The study was initiated by carrying a detailed investigation of approaches useful 

in modeling the mass transfer. The most effective approach, one fluid formulation, was 

implemented and verified in Chapter 3.  Advantages, limitations and possible solutions 

to overcome these limitations were discussed in detail in Chapter 4. It was concluded 

that modeling of mass transfer by one fluid formulation is a promising approach and an 

alternative to experimentation.   

 The study was then extended derive the design parameters of surface texture 

patterns which can influence the physical mass transfer of CO2 into MEA solvent in 

Chapter 5. The mass transfer studies were initially carried for commercial Mellapack 

250 Y structure and then studies were extended to structures with different amplitudes 

and patterns.  One of the most important design parameters in the design of surface 

texture was found as 2A/λ (where 2A represent the amplitude and λ the base size of the 

texture pattern). A value of 2A/λ being less than 0.2 is proposed for future designs. Also 

increasing the number of waves was found to influence the mass transfer in similar 

manner of the texture having higher size at same 2A/λ ratio. These observations have 

shown a potential of designing new texture. 

 A new texture pattern was proposed in Chapter 6. The pattern was found to 

produce full film, maximum interfacial area, at low flow rates when compared with the 

available commercial texture patterns. The pattern was also experimentally verified. The 

thesis was then extended to study the influence of texture patterns on pressure drop 

using established methods in Chapter 7. 

 Overall OpenFOAM (open source CFD software) was effectively utilized in 

investigating the influence of surface texture patterns on the CO2 absorption and other 

parameters, like wetted area and pressure drop, of significant importance. Design rules 

were suggested and a new texture pattern was developed based on these rules and was 

found to be effective in terms of experiment and by CFD. 

8.3 Future Work: 

 Potential areas of expanding the current research were found during this work and are 

listed below for perusal of the scientific community. 

1. The “diffusive interface” region due to the VOF formulation in interFOAM 

module needs to be developed to produce a sharp interface using coarse mesh. 
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Even though there are new advancements in recent times like “iso-advection” 

algorithm a lot need to be done in this domain. 

2. Even though modeling reactive mass transfer can be achieved using “one fluid 

formulation” the higher mesh requirement is a limitation that needs to be 

developed to produce reliable results on coarse mesh utilizing least 

computational resources.  

3. The surface textures developed in this thesis are verified at micro-scale and 

proven effective. But in order to commercially utilize the outcome 

commercially, a pilot and full scale experiment need to be carried.  

4. Discrepancies during scale up are a potential area of research both in terms of 

CFD and experiment. 

5. Impact of wave patterns generated by textures on mass transfer in turbulent flow 

conditions can be a potential research as there isn’t detailed research outcome 

available in this regard. 
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APPENDIX  

 The code for one fluid formulation is implemented in OpenFOAM by modifying 

the interFOAM source code. Only the modifications made in the original code are 

highlighted here. Detail instructions of implementing a new code into OpenFOAM are 

available from a tutorial course work carried as part of the thesis (Prasad Thummala 

2016) . 

A.1. Modifications made to interFOAM.C main script: 

 The interFOAM solver was copied to user directory and was renamed as 

interFOAM_R (R standing for reaction-user can name it anyway).In the interFOAM_R 

folder the main interFOAM.C file was renamed as CO2_R.C and the species equation 

was written and included as a separate header file:CO2.H.  Also the post processing file 

to calculate the film height, liquid hold up and interfacial area was included as a 

separate header file:post.H .Since the specie equation was solved on a steady flow field 

to reduce the computational time, the pimple loop was disabled in the main CO2_R.C 

file. The modified part of the CO2_R.C with CO2.H is given below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

while (runTime.run()) 

    { 

        #include "readTimeControls.H" 

 

        if (LTS) 

        { 

            #include "setRDeltaT.H" 

        } 

        else 

        { 

            #include "CourantNo.H" 

            #include "alphaCourantNo.H" 

            #include "setDeltaT.H" 

        } 

 

        runTime++; 

 

        Info<< "Time = " << runTime.timeName() << nl << endl; 

 

        // --- Pressure-velocity PIMPLE corrector loop 

        /*while (pimple.loop()) 

        { 

 

        }*/ 

   

 #include "CO2.H" 

#include "post.H" 
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A.2. Creating Variables: 

 Variables like diffusivity, concentration and Henry’s constant are required to 

create the reactive mass transfer equation. The variables are created by adding the 

following code at the end of createFields.H header file in the same folder: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

////////////////////////////////////////////////////////////////////////////////////////////////// 

//read and store individual diffusivities of each phase 

 

//DTL diffusivity of CO2 in liquid 

dimensionedScalar DTLA 

( 

"DTLA", dimensionSet(0, 2, -1, 0, 0, 0, 0), transportProperties.lookup("DTLA") 

); 

 

//DTG diffusivity of CO2 in gas 

 

dimensionedScalar DTGA 

( 

"DTGA", dimensionSet(0, 2, -1, 0, 0, 0, 0), transportProperties.lookup("DTGA") 

); 

 

//read Henry's constant 

 

dimensionedScalar H 

( 

"H", dimensionSet(0, 0, 0, 0, 0, 0, 0), transportProperties.lookup("H") 

); 

 

//read second order forward rate constant 

 

dimensionedScalar kf 

( 

"kf", dimensionSet(0, 0, -1, 0, 0, 0, 0), transportProperties.lookup("kf") 

); 

 

Info<< "Reading field concentration of CO2 in liquid as A\n" << endl; 

volScalarField A 

( 

    IOobject 

    ( 

        "A", 

        runTime.timeName(), 

        mesh, 

        IOobject::MUST_READ, 

        IOobject::AUTO_WRITE 

    ), 

    mesh 

); 

 

Info<< "Reading field concentration of MEA in liquid as B\n" << endl; 

volScalarField B 

( 

    IOobject 

    ( 

        "B", 

        runTime.timeName(), 

        mesh, 

        IOobject::MUST_READ, 

        IOobject::AUTO_WRITE 

    ), 

    mesh 

); 
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A.3. Scalar reactive mass transfer equation: 

 

Finally the CO2.H file with specie mass transfer equation and post processing post.H 

files are written and placed in the interFOAM_R folder. The CO2.H code is given 

below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The “phiCf” term in the code represents additional flux term calculated 

according to Equation 3.18 and “Diff” represents the diffusivity calculated according to 

equation 3.19. The A, B represents the concentration of the CO2 in gas and 

concentration of solvent MEA in liquid phase. The equations are discretized and solved 

fully implicitly. 

 

{ 

volScalarField k("k",kf*alpha1); 

     

volScalarField Diff ("Diff",DTLA*DTGA/((alpha1*DTGA)+((1.0-alpha1)*DTLA))); 

 

volScalarField phiC ("phiC", Diff*(1.0-H)/(alpha1+(H*(1-alpha1)))); 

 

surfaceScalarField phiD ("phiD",(fvc::snGrad(alpha1)*mesh.magSf())); 

 

surfaceScalarField phiCf ("phiCf",(fvc::interpolate(phiC)*phiD)); 

 

fvScalarMatrix AEqn 

 ( 

 fvm::ddt(A)+fvm::div(phi,A)-fvm::laplacian(Diff,A)+fvm::div(phiCf,A)+(k*A*B) 

 ); 

AEqn.solve(); 

 

fvScalarMatrix BEqn 

 ( 

 fvm::ddt(B)+fvm::div(phi,B)+(k*A*B) 

 ); 

BEqn.solve(); 

 

} 

Info<< "Reading field film height\n" << endl; 

volScalarField fH 

( 

    IOobject 

    ( 

        "fH", 

        runTime.timeName(), 

        mesh, 

        IOobject::MUST_READ, 

        IOobject::AUTO_WRITE 

    ), 

    mesh 

); 
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The post.H file is as shown below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

{ 

     

//calculate liquid holdup  
 

forAll(mesh.C(), cellI) 

 { 

             

 if(alpha1[cellI]>0.5) 

 {total_vol+=(mesh.V()[cellI])*alpha1[cellI];} 

   

 } 

reduce(total_vol,sumOp<scalar>()); 

 

//calculate interfacial area per unit volume 
 

volVectorField alphaGrad("alphaGrad",fvc::grad(alpha1)); 

volScalarField magAlphaGrad("magAlphaGrad", mag(alphaGrad));//interfacial Area per unit volume 

//create interfacial Area constant 

volScalarField int_A("int_A",magAlphaGrad); 

 

scalar total_int_area =0.0; 

//update area for each cell 

forAll(mesh.C(), cellI) 

 { 

  

 int_A[cellI]=magAlphaGrad[cellI]*mesh.V()[cellI]; 

 total_int_area +=int_A[cellI]; 

  

 } 

//////////////////////////////////////////////////// 

 

if(runTime.outputTime()) 

 { 

 rho.write(); 

 int_A.write(); 

 Info<<"Total liquid volume = "<<total_vol<<endl; 

 Info<<"Total interfacial area= "<<total_int_area<<endl; 

 } 

 

/////////////////////////////////////////////////// 

 

//////////film height calculation////////////////////// 
 

label patchID=mesh.boundaryMesh().findPatchID("bottom_wall"); 

 

forAll(mesh.cells(),cellI) 

 { 

 scalar dist=100; 

 

 forAll(mesh.boundaryMesh()[patchID].faceCentres(),facei) 

  { 

  scalar temp= mag(mesh.C()[cellI]-mesh.boundaryMesh()[patchID].faceCentres()[facei]); 

  if (temp<dist){dist=temp;} 

 

  } 

 fH[cellI]=dist; 

 

 } 

 

 

} 
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 The post.H file calculates the total liquid holdup in the computational domain by 

summing the volume of all grid cells having liquid volume fraction greater than zero. 

The film height is calculated as a distance from the “bottom_wall” over which the liquid 

is flowing. The interfacial area is calculated as a gradient of volume fraction multiplied 

by computational cell volume. This is one of the widely used methods for calculating 

interfacial area (Özkan et al. 2016; Wielage 2005). Note that the interfacial area can also 

be calculated as the area of iso-surface with liquid volume fraction of 0.5 in paraFoam.  

The file also outputs the liquid holdup and interfacial area values at every time step and 

can also be useful in transient analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


