
ABSTRACT 

ABDUL WASAY, SULTAN. Interface Capturing Simulations to Model CO2 Absorption for 

Carbon Capture. (Under the direction of Dr. Igor Bolotnov). 

 

Chemical absorption through alkaline falling films is one of the carbon capture technologies used 

to reduce carbon footprint. The transport of CO2 from the gaseous phase across the liquid phase 

governs this process. The absorption characterized by the mass transfer of CO2, depends on flow 

hydrodynamics, diffusion, advection, and the reaction within the liquid film. Mass transfer 

characteristics can be enhanced using promoters such as enzymes. One such biocatalytic gas/liquid 

contactor uses immobilized enzymes on textile scaffold with gas and liquid moving in a counter 

current configuration. The complicated hydrodynamics associated with counter current flow is not 

fully understood. Counter current flow limitation (CCFL) is critical phenomenon in reactors where 

the upward motion of gas phase hinders the downward motion of liquid phase. Identifying 

conditions leading to CCFL are important as these inhibit the interaction of carbon-dioxide with 

biocatalytic surfaces. Multiphase computational fluid dynamics can be used as tool to understand 

the local flow physics and the effect of operating conditions, fluid properties and geometry effects. 

In this research, an interface-capturing simulation model is developed to understand the 

hydrodynamics and species transport characteristics of the gas/liquid contactor. Direct numerical 

simulation (DNS) is used to perform high-fidelity 3D flow simulations to understand the impact 

of interface dynamics. The study will provide insights into optimizing falling film absorption 

process. The simulations will be used for the development of a framework to understand the 

systematic limitations and establish predictive metrics for biocatalytic reactor design.  
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CHAPTER 1: INTRODUCTION  

 

This chapter outlines the formulation of research objectives. The research work presented 

here is focused on the counter current gas liquid flow. A brief description of counter current flow 

and its significance for the industrial processes is discussed. The challenges associated with 

counter current flow studies justify its importance in the field of nuclear engineering. Counter 

current flow also finds its application in carbon capture technologies where gas-liquid counter 

current flow takes place between an alkaline solution and a flue gas mixture. Direct numerical 

simulation (DNS) using the interface capturing method can play a crucial role in understanding 

the role of fluid dynamics in the flow configuration of interest. This chapter highlights the 

fundamentals of mass transfer and its relation with our research goals that will be beneficial for 

biocatalytic reactor design.     

1.1 Counter Current  Two-Phase Flows 

Counter current two-phase flow systems have liquid and vapor phases flowing in opposite 

directions. These systems have considerable technological importance in industrial applications 

that involve transport phenomenon. The design constraints associated with these systems impact 

the safety and performance of commercial industrial processes. The flow hydrodynamics has 

serious implications for the efficiency of the transport phenomenon. Understanding flow physics 

under operating conditions provides insights into the flow regimes and develops models to predict 

flow behavior. Identification and mitigation of flow instabilities are crucial for the optimization 

and stability of systems as the potential instabilities hinder the transfer process [1]. Therefore, fluid 

dynamics plays a critical role in production facilities that involve heat exchangers, distillation 

columns, absorption and reaction systems.  
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1.1.1 Counter Current Flow Limitation  

Counter-current flow limitation (CCFL) is critical for reliable operation of gas/liquid flow 

systems. CCFL corresponds to the limiting point of stability where maximum flow rates can be 

achieved under given operating conditions. It represents the limiting point of operation where a 

further increase in gas flow rate leads to the reversal of liquid flow indicating the onset of flooding. 

Flooding is characterized by abrupt changes in flow patterns, sudden increase in pressure drop, the 

appearance of large interfacial waves, droplets entrainment, and flow instabilities [2]. Figure 1 

demonstrates the development of flow regime transition in the vertical counter current flow with 

increased gas velocity. An increase in gas velocity causes the formation of chaotic waves (Figure 

1b) that lead to droplet entrainment, indicating the onset of flooding. Increased gas velocity beyond 

flooding leads to falling and climbing films occurring simultaneously (Figure 1c). Further increase 

in gas velocity will lead to the liquid film being carried away with gas, indicating zero penetration 

(Figure 1d). The decreasing gas flow rate effect is also shown where the deflooding condition is 

achieved (Figure 1g) [3]. 

 

Figure 1. Effect of increasing gas flow on flow regime transition in counter current flow [3] 
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Table 1. Important parameters that affect flooding 

 Category Parameters 

1. Geometrical Effects 
channel diameter, length-to-diameter ratio, inclination angle, 

geometry at bend and exit, material surface properties 

2. Operating Conditions pressure, temperature, void fraction, phase superficial velocity 

3. Fluid Properties phase density, phase viscosity, liquid surface tension 

 

Table 1 shows that geometrical effects, operating conditions and fluid properties influence 

flooding [1]. These parameters have a strong influence on the counter current flow systems in the 

form of transport efficiency, hydrodynamic stability, flow regimes, pressure drop, reaction kinetics 

and two-phase flow dynamics.  

1.1.2 Challenges in Counter Current Flow System Studies 

The flow physics associated with flow instabilities in counter current flow systems is not 

fully understood yet. The complex two-phase flow is unique for each flow configuration. There 

are no universal correlations that can predict the behavior of these systems [4]. The experimental 

work has its challenges in terms of flow measurement techniques, system monitoring and flow 

visualization. The limitation of the apparatus is a major hindrance to understanding complex two-

phase flow in experiments [5]. The changes in one fluid property cause significant variation in 

other properties leading to incorrect interpretations. For example, a change in liquid viscosity 

modifies the liquid surface tension as well. Interfacial shear is an important parameter involved in 

gas-liquid flow systems. The interface dynamics is highly sensitive to the local flow physics and 

is stochastic in nature. The interfacial shear plays a key role in flow regime transitions and pressure 

drops [6]. This signifies the importance of its estimation in gas-liquid flow systems. Simulations 

have been conducted to visualize the behavior of gas-liquid flow system. The simplified flow 

models with a coarse discretization scheme do not resolve the local flow behavior. The results of 
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such models may help to draw some conclusions but canôt be set as a benchmark as the results are 

questionable.  Therefore, it has been difficult to establish reliable predictive capabilities for counter 

current flow as the behavior is distinct and analytical models donôt characterize the flow 

mechanisms well enough [7].  

1.1.3 Application of CCFL in the Nuclear Industry 

CCFL has a significant impact on the safety and reliability of nuclear power generation 

units. It becomes a critical phenomenon in nuclear reactor safety analysis in accident scenarios 

like Loss of Coolant Accident (LOCA) or Small-Break Loss of Coolant Accident (SBLOCA) [8]. 

CCFL can impede the cooling capability of cooling systems in nuclear power plants. The 

occurrence of CCFL in confined channels can have serious consequences. From thermal hydraulics 

perspective, CCFL studies can help understand the cooling capability of systems in severe 

conditions and develop effective mitigation strategies to minimize the risks involved. For example, 

depressurization of the primary circuit leads to steam generation in the reactor pressure vessel 

(RPV) that will flow to the steam generator (SG). Condensation of steam fraction in SG can cause 

the reactor to operate in reflux condenser mode, where the countercurrent flow occurs between 

steam and condensate [9]. Countercurrent gas-liquid stratified flow is stable for certain fluid flow 

ranges, and the flooding will lead to severe deterioration of the core cooling. The research on 

CCFL in the nuclear industry can be used to improve the design of certain reactor components and 

develop empirical correlations for CCFL prediction. The studies on counter current gas-liquid flow 

systems find applications in other industries as well.  

1.2   Carbon Capture Technologies 

Research on counter current flow is important to understand the absorption of CO2 in 

chemical reactors. This can play role in the development of carbon capture technologies. CO2 
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absorption technology is focused on the development of high energy absorbents or enhancement 

of current absorption technologies. The former approach requires the development of novel 

absorbents that will pose unique challenges and undiscovered disadvantages for production on an 

industrial scale. Enhancement of absorption can be achieved by optimization of the performance 

of conventional systems [10].  

Biocatalyst Interaction with Gases (BIG) is an interdisciplinary collaboration between 

North Carolina State University (NCSU) and Technical University Denmark (DTU) to develop 

novel methods for CO2 capture. The project aims at the enhancement of biocatalyst interaction 

with gases by the application of immobilized enzymes. This can be done by understanding and 

overcoming systematic limitations that arise in multi-phase environment near immobilized enzyme 

interfaces [11]. The research work presented in this study is part of the BIG collaboration.  

1.2.1 CO2 Absorption in Falling Film Reactor 

Alkaline solutions can be used for CO2 capture. However, these systems have their 

limitations regarding long-term operation and cost. Chemical absorption involves the transport 

phenomenon where mass transfer is governed by diffusion, convection, and reaction. The process 

is closely linked to the hydrodynamics of the flow, where local flow parameters have a significant 

effect on the mass transfer process [12]. One of the effective methods to enhance carbon capture 

efficiency is the application of immobilized enzymes. Carbonic anhydrase (CA) enzymes serve as 

biocatalysts to expedite CO2 capture and conversion. The enzyme contains an active site that is 

responsible for catalyzing the interconversion between the carbon dioxide and bicarbonate [13]. 

The reaction kinetics and performance of biocatalysts are sensitive to the multiphase gas-liquid 

interface. Addressing systematic limitations will be beneficial to minimize the mass transfer 

barriers that can reduce operational costs for CO2 capture [11]. 
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1.2.2 Biocatalytic Gas Liquid Contactor 

One configuration for performing CO2 absorption is a falling film reactor in the form of a 

novel biocatalytic gas-liquid contactor. This involves a confined free liquid film moving 

downwards due to gravity while in contact with the gas phase. The flow hydrodynamics in falling 

film reactors have a significant effect on heat transfer and mass transfer [14]. The characteristics 

of wavy films like interfacial shear, film thickness, and velocity distribution are dominated by flow 

geometry and the global flow parameters. The complicated hydrodynamics associated with the 

falling film and their effect on interfacial mass transfer to understand the dynamic behavior 

remains a research focus. There is no universal correlation that relates scalar transport and thin 

film hydrodynamics [15]. Therefore, modeling the hydrodynamics and species transport across the 

falling film is important to identify system limitations for designing efficient CO2 absorption 

falling film microreactors.  

For microreactors involving counter-current gas-liquid flow, the mass transfer is 

constrained by the thin film falling under the action of gravity. Henryôs law dictates the equilibrium 

concentration at the gas-liquid interface. Chemical absorption using alkaline solutions for CO2 

capture is dependent on the diffusion of CO2 through the liquid film [16]. The species transport 

through the gas phase does not have a significant effect as there is a huge difference between the 

diffusivity of gas and the diffusivity of liquid. The interfacial waves formed at the gas-liquid 

interface are expected to play a significant role in the mass transfer leading to process 

intensification. The disturbance to the flow structure caused by interfacial waves leads to an 

enhancement of species transport. The complex behavior necessitates the need for numerical 

simulations to understand and characterize the transport of CO2 through the liquid film.  
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1.3 Interface Mass Transfer 

The absorption of CO2 in an alkaline solution is governed by interface mass transfer. The 

absorption process is quantified by the rate of transport expressed as: 

ὶὥὸὩ έὪ ὸὶὥὲίὴέὶὸ
ὨὶὭὺὭὲὫ ὪέὶὧὩ

ὶὩίὭίὸὥὲὧὩ
 (1) 

In the gas-liquid absorption process, the partial pressure or concentration gradients serve 

as the ñdriving forceò. The resistance can be related to the inverse of the mass transfer coefficient. 

Few models have been proposed in the literature to characterize gas liquid mass transfer process 

and are summarized below. 

1.3.1 Two Film Theory 

Two film theory assumes that the mass transfer rate between two phases is controlled by 

the mass transfer through stagnant films present on each side of the interface [17]. 

 

Figure 2. CO2 transport from gas to liquid due to concentration gradients between the two 

contacting phases 

The solute moving from the gas phase to the interface must diffuse at an equal rate from 

the interface into the liquid bulk. The mass transfer rate per unit area can be written as: 

ὔ Ὧ ὴ ὴ Ὧ ὧ ὧ  (2) 
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where ὔ  is the mass transfer per unit area, ὴ ὴ  is the difference between the partial pressures 

from the gas bulk to the interface, ὧ ὧ  is the difference between the concentration from the 

liquid bulk to the interface, Ὧ  is the convective mass transfer coefficient in the gas phase and Ὧ 

is the mass transfer coefficient in the liquid phase.  

The process can be expressed by means of overall mass transfer coefficients as: 

ὔ ὑ ὴ ὴᶻ ὑ ὧᶻ ὧ  (3) 

where ὑ  is the overall mass transfer coefficient considering partial pressure as the driving force, 

ὴ is the gas partial pressure in the bulk phase, ὴᶻ is the partial pressure of solute that is in 

equilibrium with bulk liquid concentration ὧ, ὑ is the overall mass transfer coefficient 

considering concentration as the driving force, ὧᶻ is the concentration of species that is in 

equilibrium with the partial pressure ὴ. 

The application of Henryôs law establishes that resistance offered by each phase depends 

on the solubility of gas in the liquid [18]. Therefore, the overall mass transfer coefficients can be 

related to individual mass transfer coefficients shown below: 

ρ

ὑ

ρ

Ὧ

Ὄ

Ὧ
 (4) 

ρ

ὑ

ρ

ὌὯ

ρ

Ὧ
 (5) 

where Ὄ is the proportionality constant that establishes a relation with the solubility of gas in liquid 

with partial pressure.  

1.3.2 Penetration Theory 

Higbie proposed penetration theory to explain the mass transfer in the liquid phase while 

it is in contact with the gas phase [19]. It applies to short-term transient mass transfer processes 
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where the diffusing gas penetrates a shorter distance into the liquid phase. The mass transfer rate 

per unit area can be written as: 

ὔ
Ὀ

“ὸ
ὧ ὧ  (6) 

where Ὀ  is the diffusivity of gas (phase A) in liquid (phase B), ὸ is the contact time, ὧ is the 

gas concentration at the interface, ὧ  is the gas concentration at an infinite distance from the 

interface. 

The liquid phase mass transfer coefficient Ὧ) can be expressed as:  

Ὧ ς
Ὀ

“ὸ
 (7) 

1.3.3 Surface Renewal Theory 

Danckwerts extended the penetration theory by suggesting that the gas-liquid interface is 

constantly renewed by the fresh eddy [20]. The process enhances the mass transfer process and 

explains the role of surface turbulence. The process depends on the surface renewal rate ί and 

the mass transfer rate per unit area can be expressed as: 

ὔ Ὀ ίὧ ὧ  (8) 

The liquid film mass transfer coefficient can be expressed as: 

Ὧ Ὀ ί (9) 

1.4 Mass Transfer with Chemical Reaction 

Mass transfer accompanied by chemical reaction is a phenomenon where the transport of 

species diffusing from one phase to another reacts with the species present in the other phase. The 

consumption of species increases the driving force i.e., concentration gradient. Therefore, the mass 

transfer rate is enhanced with the chemical reaction. The enhancement factor (Ὁ) accounts for the 
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increase in mass transfer rate due to chemical reaction. It is the ratio of chemical absorption to 

physical absorption and is given as: 

Ὁ
ὓὥίί ὸὶὥὲίὪὩὶ ὶὥὸὩ ύὭὸὬ ὶὩὥὧὸὭέὲ

ὓὥίί ὸὶὥὲίὪὩὶ ὶὥὸὩ ύὭὸὬέόὸ ὶὩὥὧὸὭέὲ
 (10) 

Another important dimensionless number associated with chemical absorption is Hatta 

number Ὄὥ. It is expressed as the ratio between reaction time and diffusion time.  

Ὄὥ
ὨὭὪὪόίὭέὲ ὸὭάὩ

ὶὩὥὧὸὭέὲ ὸὭάὩ
 (11) 

Ὄὥ is used as the criterion to estimate whether the reaction occurs within the liquid film 

(Ὄὥḻρ) or it occurs beyond the liquid film within the liquid bulk (ὌὥḺρ). It is necessary to 

understand whether the chemical absorption is controlled by diffusion or reaction. For example, 

systems with a high value of Ὄὥ number require large interfacial area as the reaction is fast and 

occurs within the film [21].  

 

Figure 3. Mass transfer accompanied by chemical reaction (absorption of species A that react 

with species B in the liquid film) [22] 

1.4.1 Absorption of CO2 in K2CO3-KHCO 3 Solutions 

K2CO3-KHCO3 solution qualifies as an effective solvent for carbon capture due to the high 

chemical solubility of CO2 in solution, low heat of reaction, high solvent capacity, easy solution 
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regeneration, and low degradation tendency [23]. CO2 absorption using K2CO3-KHCO3 involves 

both reaction and mass transfer processes. The reaction mechanism depends on the pH of the 

solution. For pH >10, the principal reaction mechanism is the reaction of CO2 with OH- ions as 

shown below: 

#/ /(ᵶ(#/      (Fast)  (12) 

(#/ /(ᵶ#/ (/    (Instantaneous (13) 

It is important to mention that the fast reaction shown above is the rate-limiting step. For pH<10, 

the predominant reaction is the hydration of dissolved CO2.  

#/ ς(/ᵶ(#/ (/ Fast (14) 

(#/ (/ᵶ#/ (/ Instantaneous  (15) 

For carbon capture systems, reaction systems having pH > 10 will be considered where the reaction 

rate can be established as: 

ὶ Ὧ #/ /(  (16) 

where ὶ is the reaction rate, Ὧ  is the second order reaction rate constant, #/ is the 

concentration of CO2 in solution, /(  is the concentration of hydroxide ions.  

1.4.2 Pseudo-First Order Reaction 

Considering the buffering nature of the solution and the carbon absorption that takes place 

in solution with pH > 10, the concentration of hydroxide ions (/( ) remain constant. In such 

circumstances, the reaction can be assumed as a pseudo first-order reaction and the reaction rate 

can be expressed as: 

ὶ Ὧ #/ (17) 

where Ὧ  is the overall rate constant. 
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1.5 Interface Capturing Simulation to Model Gas-Liquid Flows 

Computational fluid dynamics (CFD) is the application of numerical simulations to predict 

flow behavior. It involves the discretization of Navier Stokes equations into a finite set of algebraic 

equations that can be solved to yield results. Direct numerical simulation (DNS) is a high resolution 

CFD which does not require subgrid models to represent the turbulence which may occur in the 

flow. It can be used as a CFD tool to implement two-phase flow simulation to understand the 

complex hydrodynamics and species transport in the falling liquid microreactor [24]. Transient 3D 

flow simulations can be used to analyze flow profiles to investigate the effect of global conditions 

and fluid properties on local behavior. Since experimental setups cannot provide deep insight into 

the transient hydrodynamic nature of complex flow patterns, simulations add value to experimental 

work by interpreting important parameters that affect flow physics [25]. Two important methods 

used by researchers to capture the interface in two-phase flow problems include the volume of 

fluid method (VOF) and the level-set method (LS). VOF involves the construction of an interface 

using fractional volume in each grid. The LS method utilizes a level-set function to track the 

interface where the interface is defined by the value zero of the function. 

LS method allows to simulate the interaction between liquid and gas phase to capture 

interface dynamics. This is useful to analyze flow instabilities that may lead to flooding. 

Understanding incipient flooding is crucial for identifying counter-current flow limitation (CCFL) 

for the operation of micro-reactors. The interfacial shear plays a significant role in the development 

of flow regime. Therefore, a model that incorporates shear stress is needed. The shear depends on 

the local properties in counter-current flow which includes frequency and velocity of wave 

amplitude at the interface. The interfacial waves are stochastic as the wavy interface is formed by 

small amplitude ripple waves and large roll waves [6]. During normal operation, gas exerts a shear 
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force against the falling film. The wall roughness and interfacial shear complicate the role of 

interfacial waves. The resistance to the laminar film flowing downward is offered by gas flowing 

in a counter-current configuration. The increase in the gas velocity leads to the point where the 

liquid film is not drained completely. This relates to the flooding phenomenon and further increase 

in gas velocity leads to a climbing film as the flow becomes co-current [26]. 

High resolution two-phase flow modeling with the application of CFD can help us to 

resolve flow through gas-liquid contactor. The results from the experiment provide global flow 

parameters that feed the computational model. CFD with interface capturing can be used as a tool 

to resolve the interface and model the hydrodynamics and species transport. The results will be 

used to establish predictive metrics for biocatalytic reactor design.  

 

Figure 4. Schematic showing the role of DNS to model mass transfer of CO2 

1.6 Research Objectives 

The research findings for this project will be used to optimize biocatalytic reactor design. 

The efforts include the development of simulation and analytical models to characterize the 

absorption of CO2 through falling film as shown in Figure 5. The research objectives are: 

1. Develop a methodology to model counter current gas liquid flow through representative 

geometry to investigate the absorption of CO2.  

2. Use analytical models that can utilize experimental data (such as estimating film from flow 

rates) and apply those to inform the high resolution simulation model parameters.  
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3. Investigate the role of global flow parameters such as flow rates on the local flow physics and 

characterize the mass transfer process.  

4. Utilize the results from simulations to quantify absorption of CO2 through gas liquid contactor 

and identify systematic limitations.  

 

 

Figure 5. Development of a framework for biocatalytic reactor design 
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CHAPTER 2: NUMERICAL TOOLS  

 

Direct numerical simulation (DNS) with interface capturing methods has become a 

powerful tool to model two-phase flows with the utilization of high performance computing 

(HPC). With the interface capturing approach, DNS can resolve the countercurrent gas-liquid flow. 

This chapter provides details about the flow solver PHASTA (a finite element-based code) that 

uses the level set method to resolve and track the gas-liquid interface. The process requires 

computational modeling of the fluid domain and its discretization. Simmetrix is used with 

PHASTA to implement appropriate boundary conditions on complex flow geometries generated 

by CAD software. Simmetrixôs mesh generation tool (SimMesh) is used to discretize the 

computational domain. This chapter also focuses on the governing equations that serve as a 

foundation for modeling the mass transfer phenomenon. 

2.1 PHASTA Overview 

The current simulations utilize the finite element flow solver PHASTA (parallel, 

hierarchic, higher-order accurate, adaptive, stabilized, transient analysis) [27]. This code has 

proven to be highly versatile and effective across a diverse spectrum of modeling techniques. It is 

applicable to simulations of turbulent flows and supports a variety of models, including Reynolds-

averaged Navier-Stokes (RANS), Large-Eddy Simulation (LES), Detached Eddy Simulation 

(DES), and Direct Numerical Simulation (DNS). The interaction between bubbles and flow [28], 

bubbly turbulence [29] and two-phase heat transfer problems [30, 31, 32] have been studied 

recently. Moreover, the code has been shown to be highly scalable on top supercomputers (nearly 

perfect scaling on up to 3 million mesh partitions using a 92 billion element mesh in Rasquin et al. 

[33]). Given such modeling advantages and having access to the source code (to implement new 
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models), PHASTA was chosen as a numerical tool to conduct simulations to predict CO2 

concentration in counter current two-phase flow. 

2.2  Governing Equations 

This code solves the incompressible Navier-Stokes equations in their strong form, as 

presented below: 

‬ό

‬ὼ
π (18) 

”
‬ό

‬ὸ
”ό
‬ό

‬ὼ

‬ὴ

‬ὼ

‬†

‬ὼ
Ὢ (19) 

where ό is the fluid velocity, ” is the density, ὴ is the static pressure, † ‘  is the 

viscous stress tensor, Ὢ is the body force. The Continuum Surface Force (CSF) model is employed 

for surface tension, originally introduced by [34]. The discretization schemes implemented in 

PHASTA are discussed in greater detail in [35, 36]. 

To model mass transfer, advection-diffusion equation for a passive scalar is used as a base 

to model the transfer of CO2 concentration as: 

‬ὅ

‬ὸ
ό
‬ὅ

‬ὼ
Ὀ
‬ὅ

‬ὼ‬ὼ
Ὓ (20) 

where ὅ is the concentration, Ὀ is the diffusion coefficient, Ὓ is the source term that accounts for 

addition or removal of the substance due to chemical reactions or other sources / sinks. Initially, 

this equation is utilized to predict temperature distribution in PHASTA. However, some 

parameters in the solver were adjusted to predict the distribution of CO2 concentration. 

2.3  Level-Set Method 

The level-set, an interface-capturing method, has been integrated with PHASTA to 

accurately track the location of interfaces. This method is discussed in detail in [37, 38, 39, 40] 
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and [41] works. In the level-set method, the interface is modeled as the zero level of a smooth 

function, •. The scalar variable • represents the distance from the interface to any point in the 

domain as a distinct level-set value. The sign of the level-set field indicates different phases and 

the zero-level set (• π) determines the current interface location.  

The level-set field • is propagated throughout the computational domain using the local 

fluid velocity, as described by the following partial differential equation (PDE): 

Ὀ•

Ὀὸ

‬•

‬ὸ
◊Ͻ• π (21) 

where ◊ is the local velocity vector. The positive value of level-set, • π, indicates the liquid 

phase while the negative value, • π, indicates the vapor phase. At the boundaries, zero-gradient 

of level-set function is ensured by •ẗ▪ π. 

In the level-set method, a "one-fluid" formulation is employed to characterize the two-

phase flow system: a uniform set of conservation equations is applied throughout the 

computational domain, while the fluid properties transition sharply across the interface from one 

phase to another. The properties near the interface are defined using a smoothed Heaviside kernel 

function, Ὄ , to avoid the computational instability caused by the discontinuity in physical 

properties [39]: 

Ὄ •

π                                     ȟ• ‐      
ρ

ς
ρ
•

‐

ρ

 “
ίὭὲ

“•

‐
 ȟȿ•ȿ ‐             

ρ                                    ȟ•  ‐      

 (22) 

where ‐ is the distance field interface half-thickness. 
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Figure 6. The transition profile of Heaviside function 

Density ” and viscosity ‘ values in the domain are defined using Ὄ  and • 

”• ”Ὄ • ” ρ Ὄ •  (23) 

‘• ‘Ὄ • ‘ ρ Ὄ •  (24) 

A re-distancing operation is introduced to make • accurate throughout the domain as it is 

being stretched by local velocity evolution [39]: 

‬Ὠ

‬†
◌Ͻ♩Ὠ Ὓ•  (25) 

where Ὠ is a scalar representing the updated distance field •, and Ű is the pseudo-time variable 

over which this re-distancing equation is solved to achieve steady-state condition, Ὓ•  is a 

smoothed function that is defined as: 

Ὓ•

ừ
Ừ

ứ
ρ                                     ȟ• ‐      

•

‐

ρ

 “
ÓÉÎ
“•

‐
              ȟȿ•ȿ ‐               

ρ                                        ȟ•  ‐      

 (26) 

where ‐ is the distance field interface half-thickness over which the velocity ◌ is smeared out for 

numerical stability. 
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2.4 Mass Transfer Modeling in PHASTA 

PHASTA has been used to model flow problems involving complex geometries. It has 

capability to model multiphase flows to model heat transfer phenomenon. Mass transfer 

phenomenon is like heat transfer as the nature of physics that govern these processes are similar. 

This is also evident from their mathematical forms i.e., Fourierôs law of conduction and Fickôs law 

of diffusion. PHASTA model heat transfer process by discretization of energy equation that is 

derived from scalar transport equation.  

Ћ”‰

Ћὸ
ẗɳ”ἤ‰ ẗɳɜɳ‰ Ὓ (27) 

where ‰ is the scalar quantity to be transported,  is the rate of change of scalar ‰ with time 

at a given location, ɳẗ”ἤ‰  is the advection term that accounts for the transport of scalar quantity 

by the bulk motion of the fluid medium, ẗɳɜɳ‰  is the diffusion term that accounts for the 

movement of scalar ‰ due to ɳ ‰, Ὓ is the source/sink term that accounts for generation or 

consumption of scalar ‰.  

When the scalar quantity ‰ becomes temperature Ὕ, the scalar transport equation becomes 

the energy equation and can be stated as: 

Ћ”Ὤ

Ћὸ
ẗɳ”ἤὬ ẗɳὯɳὝ Ὓ (28) 

For modeling mass transfer problems, concentration ὧ can be treated as a scalar quantity ‰ 

and the equation governing the mass transfer problem can be stated as: 

Ћὧ

Ћὸ
ẗɳἤὧ ẗɳ$ɳ ὧ Ὑ (29) 

where $ is the diffusivity and Ὑ represents the reaction term that accounts for the generation or 

consumption of chemical species.  
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The driving force for heat transfer is temperature gradient. Similarly, the concentration 

gradient is responsible for mass transfer. The parameters associated with the energy equation and 

their counter parts for the species equation are tabulated in Table 2.  

Table 2. Parameters involved in heat transfer and their counterparts in mass transfer 

Sr. Heat Transfer Mass Transfer 

1. Temperature Ὕ ὑ Concentration ὧ άέὰȾά  

2. Thermal Diffusivity‌ ά Ⱦί Diffusion Coefficient Ὀ  ά Ⱦί 

3. Heat Flux ή  ὡȾά  Mass Flux ὲ άέὰȾά Ȣί 

 

The dimensionless parameters associated with both phenomena are also similar as shown 

in Table 3. These dimensionless numbers are important for the development of correlations.  

Table 3. Dimensionless parameters of heat transfer and their counterparts in mass transfer 

Sr. Heat Transfer Mass Transfer 

1. Prandtl Number ὖὶ  ‡Ⱦ‌) Schmidt Number Ὓὧ  ‡ȾὈ) 

2. Nusselt Number ὔό ὬὒȾὯ Sherwood Number ὛὬ ὯὒȾὈ  

 

The parameters in solver settings to model heat transfer adjusted accordingly to simulate 

the mass transfer. Thermal diffusivity ‌ quantifies the measure of the ability of substance to 

transport heat and is given by: 

‌
Ὧ

”ὧ
 (30) 

where Ὧ is thermal conductivity, ” is the density, ὧ is the specific heat at constant pressure. These 

parameters are adjusted to model diffusion coefficient Ὀ  associated with the mass transfer.  



   

21 

 

CHAPTER 3: PROBLEM FORMULATION  

 

This chapter describes the methodology to model two-phase flow through gas-liquid 

contactor. Simplified geometric model will be used that incorporates the flow hydrodynamics and 

the absorption of CO2 from the gas phase to the liquid phase. The process involves the development 

of an analytical model that is used in conjunction with experimental data to feed the simulation 

model. It is necessary to discretize the computational domain and implement the appropriate 

boundary conditions. This chapter is divided into two main sections. The first section provides an 

overview of the basic experimental setup and the development of a simplified computational model 

that serves as a representative channel. Additionally, it includes a detailed description of the 

mathematical model, focusing on the flow hydrodynamics and species transport mechanisms 

governing the absorption of CO2 through the liquid film. The second section outlines the specifics 

of the computational model setup, its discretization, and the evolution of the numerical framework. 

This includes discussions on model assumptions, fluid properties, and boundary conditions. The 

chapter concludes by highlighting the strategy for estimating the concentration gradient at the 

interface, which is a key factor in characterizing the interfacial mass transfer.  

3.1 Experimental Setup 

Note that the described experiment was performed by the project collaborators, and not by 

the author of this thesis. A laboratory CO2 gas scrubber testing unit in the Textile Biocatalysts 

Research Laboratory (Wilson College of Textiles) was operated in single-pass flow-through 

absorption mode to evaluate CO2 capture efficiencies of the textile-based gas-liquid contactors 

with and without immobilized carbonic anhydrase (CA). A nominal 10 wt.% K2CO3 aqueous 

solution was selected as the CO2 absorption solvent with its pH adjusted to 10.5 through a mixture 

of K2CO3 and KHCO3 (8.5 wt.% K2CO3 + 1.5 wt.% KHCO3 + 90 wt.% H2O) to simulate lean 
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solvent pH commonly obtained after solvent regeneration. Two mass flow controllers were used 

to maintain gas flows of 0.4 L/min CO2 and 3.6 L/min N2 entering a gas mixing chamber followed 

by a gas humidifier before entering the bottom of the CO2 absorption column. Solvent flow rate of 

120 mL/min and total gas mixture flow rate of 4 L/min (10 vol% CO2) were used and the test was 

carried out at ambient temperature. A slip stream of the gas mixture exiting from the top of the 

absorption column was sent through a drying column and into a CO2 gas analyzer for CO2 

concentration measurement. CO2 capture efficiency was calculated based on steady-state CO2 

concentrations according to the equation: 

ὅὕ ὧὥὴὸόὶὩ ὩὪὪὭὧὭὩὲὧώ Ϸ
ὅὕ ὅὕ 

ὅὕ 
ρππϷ (31) 

 

Figure 7. Schematic of laboratory gas scrubber testing unit set-up [13] 

The biocatalytic textile-based gas-liquid contactor utilizes immobilized enzymes to 

accelerate CO2 capture. A spiral-wound design of such structured packing is assembled by folding 

cheesecloth fabric over the long edge of a rectangular mesh reinforcement and rolling up the 

sandwich as a tube. Counter-current flow occurs between an aqueous K2CO3 solution and an N2 
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and CO2 gas mixture. Understanding and overcoming systematic limitations where biocatalysts 

are employed at multiphase reaction interfaces is crucial. The investigation of the mechanisms 

involved will be useful for scale-up demonstrations in industrial applications. 

The counter-current flow through the textile scaffold has a thin liquid film (K2CO3 

solution) falling under the action of gravity and the gas mixture flowing in the upward direction. 

The behavior of enzymes is sensitive to fluid flow parameters. Therefore, high-resolution two-

phase flow modeling is required to investigate the effect of global fluid flow parameters on local 

fluid flow parameters. This requires understanding the role of interfacial shear in counter-current 

flow systems. The simulations will be useful to optimize gas/liquid flow rates for carbon capture 

efficiency. Interface tracking simulations (ITS) can be used for analyzing the interfacial behavior 

to establish predictive metrics for biocatalytic reactor design. The behavior of local parameters 

near the interface will also be important to identify constraints.  

 

Figure 8. Textile scaffold used in the experiment with flow directions and dimensions (left) and 

the simplified model that shows the flow between two plates (right). 
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3.2 Computational Model 

Flow through the textile scaffold can be modeled as flow between parallel plates with liquid 

and gas moving in opposite directions. The distance between the plates (2.4 mm) represents the 

gap between consecutive textile scaffold layers. The domain has a certain thickness of liquid film 

that flows down under the action of gravity. The experimental data can be used to calculate the 

Reynolds number for each phase. For example, for a gas flow rate of 4 L/min, the corresponding 

liquid flow rate is 120 mL/min. The Reynolds number for the gas and liquid phases is estimated 

to be 10.5 and 2.01 respectively. Therefore, the flow is laminar. Estimating film thickness 

corresponding to the gas and liquid flow rates in the experiment is necessary to model the flow 

physics.  

Figure 8 demonstrates the modeling approach for the experimental setup. The absorption 

takes place within the textile scaffold as the CO2 diffuses from gas towards the liquid region. The 

flow between each consecutive layer of the textile scaffold is analogous to the wetted wall column 

for interphase mass transfer of gas and liquid. Figure 9 shows the geometric model of the fluid 

domain as a representative channel where gas moving upwards is surrounded by liquid film on 

both sides. The solid line shows the gas/liquid interface. The walls of the channel are wavy, which 

incorporates the roughness effect of the presence of the textile surface. The velocity and 

concentration profiles are shown for the representative channel as well which helps understand the 

boundary conditions. The length of the textile scaffold used is 22.5 cm and the length of the 

representative channel is 10 mm. Figure 10 shows the representative channel of the textile scaffold. 

In the simplified model, the thin blue wavy liquid film adjacent to the walls (surface of the textile 

where enzymes are immobilized) is flowing downwards under the action of gravity, while the gas 

is moving upwards. 
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Figure 9. Physical representation (left) [42] and domain schematic (right) for the modeling of 

counter- current gas/liquid flow through textile scaffold 

 

Figure 10. Schematic showing wetted wall column [18] (left) and the schematic showing the 

two-phase flow for the computational domain (right) 
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3.3 Mathematical Model 

The mathematical model consists of two parts (flow hydrodynamics and absorption). The 

analytical models are used to extract important parameters from the experimental data such as 

liquid film thickness. The analytics can also be used to estimate the body force pressure gradient 

to simulate the two-phase flow for the desired flow rates.  

3.3.1 Flow Hydrodynamics 

The analytical model is used for the estimation of film thickness. It is assumed that flow is 

laminar and the interface is flat. From the momentum equation, the expression for velocity can be 

written as: 

ό
ρ

‘

‬ὴ

‬ὼ
”Ὣ

ὼ

ς
ὅὼ ὅȟ (32) 

whereό = vertical velocity of phase k, ‘= viscosity of phase k,  = pressure gradient, ”= 

density of phase k, ὼ= distance along the horizontal axis, ὅ= proportionality constant, ὅ= 

proportionality constant. 

Also, the Newtonôs law of viscosity states: 

† ‘
‬ό

‬ὼ
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‬ό
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(33) 

where † = interfacial shear, ‘= viscosity of gas phase, ‘= viscosity of liquid phase 

The proportionality constants can be evaluated from the boundary conditions stated below: 
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(34) 
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 ὼ ὼ ×ÁÌÌȟ      ό π 

 

Figure 11. Schematic showing the velocity distribution obtained from the analytical model 

Table 4. Comparison between experimental data and analytical model for counter current flow 

Sr. Parameter Analytical Model Experimental Data 

1. ” ρρτρȢρ ËÇȾά  ρρτρȢρ ËÇȾά  

2. ” ρȢσφ ËÇȾά  ρȢσφ ËÇȾά  

3. ‘ ρȢπωω ρπ  ὖὥȢί ρȢπωω ρπ ὖὥȢί 

4. ‘ ρȢφχ ρπ  ὖὥȢί ρȢφχ ρπ  ὖὥȢί 

5. ὗ ρςρȢφ άὒȾάὭὲ ρςπ άὒȾάὭὲ 

6. ὗ τȢπππψ ὒȾάὭὲ τȢπ ὒȾάὭὲ 

7. ὙὩ ςȢφσ ς Ȣπρ 

8. ὙὩ ρπ.82 ρπ.51 

 

Table 4 shows the comparison between experimental data and the results from the 

analytical model. The similarity between the values shows that the model can be trusted to estimate 
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the value of film thickness. The film thickness is estimated to be approximately 66 microns. The 

film thickness of 10-6 necessitates the requirement of a high-resolution mesh that increases 

computational cost. However, this research will be focused on the development of framework that 

requires running simulations on higher values of film thickness.  

3.3.2 CO2 Absorption 

CO2 absorption takes place from a CO2-N2 gas mixture (10% CO2 and 90% N2) into the 

falling film containing aqueous potassium carbonate (K2CO3) based solvents. It is an interphase 

mass transfer process where the CO2 moves from the bulk of one phase (gas mixture) to the bulk 

of the second phase (liquid solution). The concentration gradient is the driving force for the transfer 

of CO2 across the interface. The overall mass transfer coefficient depends on the resistance offered 

by each phase. CO2 has low solubility in alkaline solutions. Furthermore, the diffusivity of CO2 in 

the gas phase is relatively high (by order of 102). Therefore, the gas field resistance can be 

neglected in this interface mass transfer process. This is a liquid phase-controlled process where 

the overall mass transfer coefficient is governed by individual liquid phase mass transfer 

coefficient Ὧ. In this study, the liquid phase mass transfer coefficient will characterize the CO2 

absorption. Figure 12 shows the schematic of gas absorption where CO2 diffuses from the gas 

mixture across the gas-liquid interface.  
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Figure 12. Gas absorption with CO2 transferred from gas mixture to falling liquid solution 

In this study, the investigation is limited to alkaline solutions only. The CO2 concentration 

in the liquid film at the top of the textile scaffold is assumed to be zero. The concentration at gas-

liquid interface is governed by Henryôs law. Therefore, we can write: 

ὧȟ Ὄὖ  
(35) 

where Ὄ denotes the Henry constant and ὖ  denotes the partial pressure of CO2 at the interface. 

For the absence of enzymes present on the textile surface, zero flux boundary condition is 

assumed. This established that there is no consumption or depletion of CO2 at the walls. This 

condition is analogous to adiabatic walls in heat transfer problems. Mathematically, we can write: 

‬ὧȟ

‬ὲ
π 

(36) 

where ‬ὧȟ is the concentration of CO2 in the liquid phase, ὲ is the normal to wall, ὼ  is the 

location of the wall. The presence of immobilized enzymes at walls is modeled by assuming that 

CO2 that reaches the wall gets consumed immediately by the enzyme. This can be translated as 

zero concentration of CO2 at the walls and can be mathematically written as: 
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ὧȟ π 
(37) 

3.4 Model Setup 

The foundations for the computational model have been explained in Section 3.2. The 

domain has been generated using SOLIDWORKS as shown in Figure 13. The wavy walls are 

generated using combination of sine waves. Counter current flow takes place in ὼ-direction 

(streamwise). Periodic boundary conditions are applied in ὼ and ᾀ directions. The location of liquid 

film is initialized using scalar function in the Simmodeler (Figure 14).  

 

Figure 13. Computational domain generated using SOLIDWORKS 

 
Figure 14. Initializing the liquid film thickness by defining location of gas-liquid interface 

(yellow line) using level-set function 
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3.5 Mesh Design 

The bulk mesh size of 0.1 mm was chosen for transient three-dimensional flow simulation. 

Mesh was refined near the wall region to capture the boundary layer for the laminar flow. The 

parameters for the boundary layer are shown in Table 5. The total number of mesh elements for 

the setup is about 1.34 million. Simulations were performed using NCSU HPC resources using 64 

cores.  

Table 5. Mesh refinement parameters for the boundary layer 

Parameter Value 

First Layer Thickness 1E-06 m 

Total Thickness 1.98E-04 m 

Total Number of Layers 8 

 

 

Figure 15. 3D domain mesh with the mesh refinement in the boundary layer shown (right) 
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3.6 Simulation Setup 

The simulations were performed for the development of numerical framework to model 

the transport of CO2 through falling film. Considering the computational cost and time, 0.3 mm of 

film thickness is chosen as the base case. The base case serves as a criterion to establish the 

modeling approach that will lead to the parametric study. It is necessary to list the important 

assumptions for the numerical model: 

1) Both the liquid and gas phase are treated as ideal mixtures (Daltonôs law of partial pressure 

is used to estimate the partial pressure of CO2 at the interface).  

2) Annular flow regime is considered for the counter current gas liquid flow. 

3) Mass transfer resistance is neglected in the gas phase (liquid phase-controlled transport). 

4) Physical properties like density, viscosity and diffusivity are assumed to be constant. 

5) Liquid film thickness is controlled by target void fraction control in the simulations. 

6) The concentration of CO2 at the interface is governed by Henryôs law.  

7) The presence of enzyme is modeled through appropriate boundary conditions.  

8) Flow geometry is modeled as periodic domain in the streamwise and spanwise directions.  

9) The evaporation at gas liquid interface is neglected. 

The fluid properties are listed in Table 6. 

Table 6. Fluid properties 

Sr. Property Liquid Gas 

1. Density (ὯὫȾά ) ρρτρȢχ ρȢσς 

2. Viscosity ὖὥϽί ρȢπωρπ ρȢχ ρπ  

3. Specific Heat ὐȾὯὫϽὑ  σȢπψρπ ρȢπστρπ 

4. Thermal Conductivity ὡȾάϽὑ  πȢπφχω πȢπςσ 

5. Diffusivity ά Ⱦί ρȢωσρπ ρȢφωρπ 
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Specific heat and thermal conductivity are adjusted according to the diffusivity estimated. 

The diffusivity of CO2 in liquid solution can be estimated using the following expression [43]: 

Ὀ ȟ

Ὀ ȟ

‘

‘

Ȣ

 
(38) 

Ὀ ȟ is diffusivity of CO2 in the liquid solution, Ὀ ȟ diffusivity of CO2 in water, ‘ is the 

viscosity of liquid solution and ‘  is the viscosity of water. The diffusivity of CO2 in water is 

given as [44]: 

Ὀ ȟ ςȢσυρπÅØÐ 
ςρρω

Ὕ
 (39) 

The boundary conditions are summarized in Table 7. 

Table 7. Summary of Boundary Conditions 

3.7 Estimation of Concentration Gradient 

The absorption of CO2 in the liquid solution is characterized by the estimation of 

concentration gradient at the interface. For this purpose, dot product between the concentration 

gradient and surface normal is calculated in Paraview visualization toolkit that can be integrated 

Sr. Boundary Condition Meaning 

1. 
‬ό

‬ὼ
π Gas velocity is maximum at the domain center 

2. ό  ό Gas velocity at interface equals interface velocity 

3.  
‬ό

‬ὼ

†

‘
 Applying Newtonôs law of viscosity at interface 

4. ό π Fluid velocity at wall = 0 

5. ὧȟ Ὄὖ  Concentration at interface is governed by Henryôs law 

6. 
‬ὧȟ

‬ὼ
π CO2 concentration flux at wall = 0 (no enzyme) 

7. ὧȟ π CO2 concentration at wall = 0 (with enzyme) 
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across the volume corresponding to the half of film thickness (‐. The integrated dot product is 

normalized using the same volume. The concentration gradient is estimated for both films 

separately.  

 

Figure 16. Pipeline Browser in Paraview 

Figure 16 shows the screenshot taken from Paraview and the details of each filter. Merge Blocks 

filter is applied to combine the multiple blocks into single entity. The gradient of concentration 

and level set function is estimated using Gradient of Unstructured Data Set filter. The liquid film 

having thickness ‐ is isolated using clip filter in sequence as shown in Figure 17. Calculator filter 

is applied to evaluate the dot product of concentration gradient and the surface normal. The 

concentration gradient can be plotted over time using Plot Selection Over Time filter to 

characterize the transient absorption of carbon dioxide within the liquid film. 
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The chapter summarizes the fundamental concepts that govern numerical framework.  

A simplified representative channel is proposed that can replicate the flow physics involved 

for counter current gas-liquid flow through textile scaffold. The mathematical model for flow 

hydrodynamics and species transport is discussed that allows implementation of appropriate initial 

and boundary conditions for computational domain. The discretization scheme and the model 

assumptions for case setup are discussed in detail. The chapter concludes with the method of 

estimating concentration gradient at interface that will be useful for post-processing.  

 

  

/ƭƛǇ 
!ŎǊƻǎǎ  
¸ tƭŀƴŜ 

/ƭƛǇ 
!ŎǊƻǎǎ  
tƘƛ Ґ л 

/ƭƛǇ  
!ŎǊƻǎǎ  
tƘƛ Ґ 9Ǉǎƛƭƻƴ 

Figure 17. Application of clip filter to isolate liquid film of thickness ‐ at time step = 0 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

In this chapter, the results obtained from the numerical framework are discussed in detail. 

The results are useful for understanding the hydrodynamic behavior of falling films and its 

influence on interfacial mass transfer. The initial simulation results exhibit the importance of flow 

regimes and flow instabilities in counter-current gas-liquid flows. Flooding in microchannels with 

counter-current flow is briefly discussed, as it is a critical phenomenon influencing efficiency and 

reliability. However, the major focus of the thesis is the development of a numerical framework to 

characterize CO2 absorption. The absorption will be calculated by estimation of the concentration 

gradient at the gas-liquid interface. The absorption rates are normalized with the difference 

between the concentration of CO2 at the interface and the average bulk concentration of CO2 within 

the liquid film to yield the mass transfer coefficient of the system. The estimation of the mass 

transfer coefficient characterizes the inherent efficiency of the system and allows the comparison 

of different absorption systems. The chapter is structured as follows: i) brief discussion on flooding 

and its significance; ii) flow hydrodynamics and physical absorption of base case (0.3 mm film 

thickness); iii) parametric study of different cases where the simulations are run for number of 

liquid film flow throughs that correspond to the textile scaffold length.  

4.1 Flooding Behavior 

The counter current flow configuration in falling films involves two phases flowing in 

opposite directions. The gas flowing in upward direction exerts shear that disrupts the 

hydrodynamics of falling film and leads to turbulence effects. The shear stress at the gas-liquid 

interface may cause the formation of surface waves that lead to an increase in interfacial area. 

However, the excessive increase in shear can lead to flow instabilities leading to flooding. 

Numerous CCFL studies have been conducted and no universal correlation has been proposed for 
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CCFL due to complexity. However, some general correlations have been proposed through 

experiments. One of the important correlations involves a parameter (dimensionless liquid and 

vapor superficial velocities) proposed by Wallis [45] expressed as: 

ὐᶻȢ άὐᶻȢ ὅ 
(40) 

ὐᶻ is the dimensionless gas phase superficial velocity, ὐᶻ is the liquid phase superficial velocity, ά 

and ὅ are empirical constants that depend on fluid properties, flow geometry and the operating 

conditions. The dimensionless phase velocity can be defined as: 

ὐᶻ ὐ
”

ὫὈ” ”

Ȣ

 (41) 

ὐ ‌ὺ  (42) 

The subscript ὑ represents the gas phase (Ὃ) or liquid phase (ὒ), ὐ is the phase superficial velocity, 

”  denotes the phase density, Ὣ is the acceleration due to gravity, and Ὀ represents the channel 

equivalent diameter,  ‌  is the phase void fraction and ὺ  is the phase velocity.  

 Another important correlation proposed in literature involves Kutateladze number ( ὑόᶻ  based 

on the dimensionless channel diameter proposed by Kutateladze [46]: 

Ὀᶻ Ὀ
Ὣ” ”

„
 (43) 

Ὀz is the dimensionless pipe diameter and „ is the surface tension coefficient. The correlation can 

be stated as:  

ὑόᶻ
Ȣ
άὑόᶻ Ȣ ὅ (44) 

ὑόᶻ
ὐ ” Ȣ

Ὣ„” ”
Ȣ ὈᶻȢὐᶻ 

(45) 

The development of correlation for the counter-current flow configuration under discussion 

is beyond the scope of this thesis. However, few cases were run that show the numerical framework 
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has the capability to characterize the flooding condition in the experimental setup. Simulations 

were performed for different void fractions by varying film thickness. Flow hydrodynamics of the 

falling liquid film was analyzed. A flat interface is assumed at the beginning of the simulation 

which becomes wavy for the transient runs due to the wall effect. The wavy interface contributes 

towards the enhancement of mass transfer due to velocity gradients. Figure 18 shows the vertical 

velocity contour for the representative channel where the flow regime observed is annular. The 

void fraction (Ŭ) of 0.4 corresponds to a film thickness of 0.72 mm. 

 

Figure 18. Vertical velocity contour shown at different times for Ŭ = 0.4 

The simulation results show that a decrease in void fraction causes sharp changes in flow 

patterns that can lead to flooding. The velocity profile was plotted across the channel width at the 

center of the domain. Figure 19 shows the instantaneous velocity profile to demonstrate the effect 

of decreasing void fraction. Countercurrent flow is observed for the void fraction of 0.3 and 0.4. 

However, co-current flow was observed for a void fraction of 0.2. This establishes that flooding 

has been observed in this case. It is interesting to visualize the flow regime of void fraction 0.2 as 

shown in Figure 20. The change in flow pattern is visible as the flow transitions from annular to 

slug flow. The increase in film thickness causes both films to merge leading to the formation of 
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slug flow. An increase in film thickness, accompanied by a higher liquid film flow rate, can raise 

the likelihood of flooding.  

 

Figure 19. Instantaneous vertical velocity profile along the channel width at the domain center 

(dashed lines show the location of the interface) 

 

 
Figure 20. Vertical velocity contour shown at different times for Ŭ = 0.2 
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4.2 Physical Absorption of CO2 in Liquid Film  

In this section, the interfacial mass transfer of CO2 and the hydrodynamics within the liquid 

film is discussed for the base case (film thickness = 0.3 mm).  

4.2.1 Interfacial Mass Transfer 

The physical absorption of carbon dioxide takes place as result of advection and diffusion 

within the liquid film. CO2 distribution within the liquid film can be visualized through 

concentration contours taken through a plane passing through the domain center in the flow 

direction. The absorption across the gas/liquid interface (shown by the white line) with time is 

shown in Figure 21 (without enzyme) and Figure 22 (with enzyme). The contours show that the 

development of the concentration profile is identical initially. However, the presence of enzymes 

can be seen in the later time steps as it causes decrease in the bulk concentration of liquid film. 

The enzyme plays its role once the CO2 diffuses across the liquid film and moves toward the wall. 

The decrease in concentration enhances the driving force leading to more absorption of CO2 within 

the liquid film.  

 

Figure 21. Concentration contour showing the CO2 distribution within the liquid film (0.3 mm) at 

different times (without enzyme) 
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Figure 22. Concentration contour showing the CO2 distribution within the liquid film (0.3 mm) at 

different times (with enzyme) 

 

 

Figure 23. Plot showing the variation of concentration along channel width for 0.3 mm thick film 

(no enzyme) taken across the black line (shown left) passing through slice at domain center 
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Figure 24. Plot showing the variation of concentration along channel width for 0.3 mm thick film 

(with enzyme) taken across the black line (shown left) passing through slice at domain center 

Figure 23 and Figure 24 show the transient change in average bulk concentration for film 

thickness of 0.3 mm as the CO2 is absorbed within the liquid film. The concentration contours 

shown on the left side of Figure 23 and Figure 24 may appear similar, but the plots suggest a 

difference in driving force as the change in bulk concentration is different for both cases (without 

and with enzyme). The presence of enzymes can be seen by looking at the concentration at the 

walls which suggests the consumption of CO2 by the immobilized enzyme. The bulk concentration 

will influence the interfacial mass transfer as lower average bulk concentration in the liquid film 

allows steeper concentration gradient at the interface. This can also be explained by Henryôs Law 

as the solubility of any gas in the liquid phase depends on the partial pressure of gas and its 

equilibrium with the bulk concentration. An increase in bulk concentration decreases the capacity 

of falling film to absorb CO2. 
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4.2.2 Flow Hydrodynamics 

The flow hydrodynamics in a falling film reactor is characterized by a thin falling film 

under the action of gravity along the surface. The liquid flows downwards as a continuous film 

where liquid properties (density, viscosity, surface tension) and operating conditions (flow rates 

and flow geometry) affect the flow behavior. The presence of corrugations on the reactor wall 

impacts the dynamic interfacial contact area, promoting the formation of surface waves at the gas-

liquid interface. Figure 25 depicts the vertical velocity contour over time with the gas-liquid 

interface highlighted by the white line. The velocity of the falling film varies around 0.0224 m/s 

which corresponds to the Ὑe = 14. The surface waves at the gas-liquid interface induce local 

turbulence and enhance the interfacial contact area, thereby increasing the mixing between the 

two-phases. Additionally, the surface wave dynamics generate velocity components normal to the 

gas-liquid interface, further facilitating inter-phase interaction.  

The flow structure inside the liquid film has a strong impact on the interfacial mass transfer. 

The velocity contour suggests even laminar falling films exhibit intricate hydrodynamics due to 

complex interfacial dynamics. This affects film stability and the variation in film thickness. The 

liquid-gas interface is sensitive to the local flow physics and perturbations which is apparent from 

the periodic oscillations. Figure 26 shows the vertical velocity distribution along the horizontal 

line passing through the slice taken at the domain center. The gas velocity varies around 3.5 m/s. 

The gas velocity has its role in interfacial dynamics due to the shear forces exerted by the gas on 

the liquid surface. An increase in the gas velocity can amplify the amplitude and the frequency of 

surface waves. The relative velocity between the gas phase and liquid phase generates velocity 

gradients at the interface that affect the liquid film stability and the flow regime.  
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Figure 25. Vertical velocity contour for film thickness = 0.3 mm 

 

 

Figure 26. Vertical velocity distribution within the channel for counter-current flow (0.3 = ‏ mm) 

Figure 25 and Figure 26 do not represent the velocity variation within the liquid film clearly 

due to the difference in the velocity scale of both phases. Figure 27 shows the variation of liquid 

velocity within the liquid film at different sections. The plot exhibits stochastic nature where 

localized turbulence creates chaotic velocity fluctuations. The interfacial interactions and wall 
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roughness lead to non-uniform velocity profiles. This causes localized acceleration and 

deceleration within the liquid film causing fluctuations across the filmôs thickness and along its 

length. The plot also suggests that flow hydrodynamics associated with each film might be 

different.  

 

 

Figure 27. Vertical velocity distribution within the liquid film at different locations (0.3 = ‏ mm)  

(a) Velocity plot taken along horizontal line passing 2 mm downstream 

(b) Velocity plot taken along horizontal line passing 5 mm downstream 

(c) Velocity plot taken along horizontal line passing 8 mm downstream 

(a) 

(b) 

(c) 
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Figure 28. Volume averaged vertical velocity variation over time (0.3 = ‏ mm)   

 

Figure 29. Variation of film volume over time (0.3 = ‏ mm)  
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Figure 28 illustrates the temporal evolution of the volume-averaged velocity for both the left and 

right films in the reactor. While the combined average velocity may not exhibit significant 

variation over time, a clear distinction emerges when analyzing each film individually. The 

average velocity of the right film shows a consistent decrease over time, transitioning from 

counter-current to co-current flow. This behavior suggests the occurrence of localized flooding 

within the gas-liquid contactor, potentially arising at various locations within the textile scaffold. 

The left film average velocity decreases over time (acceleration), without undergoing a similar 

flow transition. These findings highlight the complex and uneven hydrodynamic behavior in the 

system, which could impact the biocatalytic reactor's performance. Considering the differences in 

hydrodynamic behavior, the absorption rates for the two films are also likely to differ, potentially 

affecting the overall efficiency of the gas-liquid contactor. Mass conservation is a well-recognized 

challenge for the conservative level-set method, as the interface evolves numerically over time. 

Figure 29 shows the variation in film volume over time. While the total film volume remains stable 

due to the target void fraction being controlled in our simulations, notable variations are observed 

when the volumes of the individual films are analyzed separately. 

4.2.3 Absorption Rate 

The absorption rate per unit area is quantified by the estimation of the concentration 

gradient at the interface. Mathematically, it can be written as: 

ὔ Ὀ ȟ

‬ὧȟ

‬ὼ
 

(46) 

where ὔ is the absorption of CO2 within liquid film as a result of interfacial mass transfer, Ὀ ȟ 

is the diffusivity of CO2 in the liquid solution, 
ȟ

 is the concentration gradient normal to the 

interface.  
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Figure 30. Temporal evolution of concentration gradient (0.3 = ‏ mm)  

 

Figure 31. Temporal evolution of absorption rate (0.3 = ‏ mm) 

Figure 30 and Figure 31 show the temporal evolution of the concentration gradient and 

absorption rates, respectively, for a film thickness of 0.3 mm. In these graphs, the solid lines 
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represent scenarios that simulate the presence of enzymes on the walls, whereas the dashed lines 

correspond to cases without enzymes. The results indicate that the presence of enzymes on the 

walls becomes significant only at later time steps. This delayed effect arises because CO  needs 

time to diffuse through the liquid film and reach the walls where the enzymes are located. The 

limited impact of enzymes is further influenced by the film thickness. A thicker film creates greater 

resistance to CO  diffusion, slowing its movement towards the enzyme-coated walls and thereby 

reducing the overall enhancement effect of enzymatic reactions. This resistance highlights the 

importance of optimizing film thickness to balance diffusion and reaction processes effectively in 

gas-liquid systems. 

 An interesting observation is the difference in behavior between the two films under 

similar conditions. This disparity can be attributed to the distinct hydrodynamic characteristics of 

each film, as discussed in the previous section. The left film exhibits a higher average velocity 

compared to the right film. This increased velocity enhances the role of advection in CO  transfer, 

enabling faster movement of CO  through the film. Furthermore, the higher velocity in the left film 

contributes to greater disruption of the wavy interface. This disruption promotes increased mass 

transfer by enhancing mixing and reducing the diffusion path length for CO  molecules. 

4.2.4 Mass Transfer Coefficient 

The mass transfer coefficient is an effective way of characterizing the interfacial mass 

transfer as it normalizes the driving force (concentration gradient). It represents how fast a specie 

moves from one phase to another and mathematically it can be written as:  

Ὧ
ὔ

Ўὧ
 

(47) 

Ўὧ ὧȟ ὧȟ  (48) 
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Ὧ represents the mass transfer coefficient άȾί), ὔ  is the absorption rate άέὰȾά ί), Ўὧ is 

the difference between the concentration of CO  at the interface and the average bulk concentration 

of CO  in the liquid film.  

The mass transfer coefficient is independent of concentration gradient which allows a fair 

comparison between different systems. Just like heat transfer coefficient, mass transfer coefficient 

can also be correlated to the dimensionless numbers for practical applications. This single 

parameter effectively accounts for the resistance at the interface as well as the bulk phase 

resistances. Figure 32 depicts the temporal evolution of the average bulk concentration of CO2 

within the liquid film, which was used to calculate the mass transfer coefficient based on Eq (47) 

and is presented in Figure 33. The plot suggests that the presence of immobilized enzymes does 

not have a significant impact, primarily due to the short contact time and high resistance offered 

by liquid film thickness.  

 

Figure 32. Temporal evolution of the average CO2 bulk concentration in the liquid (0.3 = ‏ mm) 
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Figure 33. Temporal evolution of mass transfer coefficient of CO2 absorption (0.3 = ‏ mm) 

4.3 Effect of Liquid Film Thickness 

Simulating absorption for different film thicknesses is essential because the thickness 

directly influences the efficiency of the mass transfer process. Film thickness affects the diffusion 

path length, with thicker films imposing greater resistance and reducing absorption rates, while 

thinner films promote steeper concentration gradients, enhancing mass transfer. Additionally, 

thinner films often develop surface waves that enhance mixing and expand the interfacial area, 

making them highly efficient for many applications. Simulations help capture these effects and 

identify the optimal thickness for maximizing efficiency under practical operating conditions. Film 

thickness determines how resistance to mass transfer is distributed across the gas phase, liquid 

phase and interface. Liquid film thickness depends on operational parameters (flow rate and flow 

geometry) and fluid properties. Simulations are beneficial to understand the non-linear behavior 

of interfacial mass transfer as there is a trade-off between efficiency and operational stability. 
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Figure 34. Concentration contour showing the CO2 distribution within the liquid film (0.2 = ‏ 

mm) at different times (without enzyme) 

 

 

Figure 35. Concentration contour showing the CO2 distribution within the liquid film (ŭ = 0.2 

mm) at different times (with enzyme) 
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Figure 36. Concentration contour showing the CO2 distribution within the liquid film (ŭ = 0.4 

mm) at different times (without enzyme) 

 

 

Figure 37. Concentration contour showing the CO2 distribution within the liquid film (ŭ = 0.4 

mm) at different times (with enzyme) 
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 (a) 

(c) 

(e) 

(b) 

(d) 

(f) 

Figure 38. Temporal evolution of (a) volume averaged film velocity, (b) film volume, (c) 

concentration gradient, (d) absorption rate, (e) average bulk concentration and (f) mass transfer 

coefficient for CO2 absorption (ŭ = 0.2 mm) 
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Figure 39. Temporal evolution of (a) volume averaged film velocity, (b) film volume, (c) 

concentration gradient, (d) absorption rate, (e) average bulk concentration and (f) mass transfer 

coefficient for CO2 absorption (ŭ = 0.4 mm) 

(a) (b) 

(c) (d) 

(e) (f) 
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Simulations were conducted to investigate the impact of liquid film thickness at three 

levels: (i) 0.2 mm, (ii) 0.3 mm (base case) and (iii) 0.4 mm. Figure 34-Figure 35 and Figure 36-

Figure 37 illustrate the concentration contours for the film thickness of 0.2 mm and 0.4 mm 

respectively. A comparison of results shown in Figure 38 (0.2 mm film thickness) and Figure 39 

(0.4 mm film thickness) reveals that the mass transfer coefficient for 0.2 mm film thickness (with 

enzyme) is more than twice that of the 0.4 mm case. It is also quite evident that the presence of 

immobilized enzymes has no effect on absorption rates for 0.4 mm thick film. However, a marked 

difference is observed when comparing cases with and without enzyme for film thickness of 0.2 

mm. These findings suggest that the presence of enzymes has a significant effect in the gas-liquid 

contactor where the film thickness is around 100 microns.   

4.4 Effect of Temperature 

Temperature directly influences the fluid properties, including density, viscosity, surface 

tension, solubility, and diffusivity of CO  in the solution. These properties play a critical role in 

determining the interface dynamics and the efficiency of CO  absorption in a falling film. The 

parameters that have the most significant impact on this process are considered in our modeling 

approach. As temperature increases, the viscosity of the solution decreases, resulting in higher 

flow velocity and greater stretching of the interface, enhancing the fluid motion near the interface. 

Similarly, the reduction in surface tension with rising temperature can lead to flow instabilities, 

increasing the likelihood of high-amplitude surface waves that promote mixing. For chemical 

absorption, elevated temperatures accelerate the reaction rates, thereby increasing the driving force 

for interfacial mass transfer and improving absorption. However, elevated temperatures also 

reduce CO  solubility, which decreases the concentration of CO  at the interface. The diffusivity 
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of CO2 in the solution decreases with temperature. The net effect of temperature on the absorption 

process depends on the combined contribution of these parameters.  

Table 8. Fluid Properties at T = 50oC 

Sr. Property Value 

1. Viscosity ὖὥϽί χȢπςρπ  

2. Diffusivity of CO2 ά Ⱦί σȢσςρπ 

3. Henryôs Constant άέὰȾὥὸά ρψȢςτ 

4. Surface Tension ὔϽά  πȢπφχωψ 

 

Table 8 shows the important parameters that are considered for the interfacial mass transfer 

at T = 50oC. The change in viscosity, diffusivity and surface tension are adopted from the published 

literature [43] [47]. Note that there is a significant change in the solubility as Henryôs constant 

changes from 34 άέὰȾὥὸά to 18.24 άέὰȾὥὸά [48]. The concentration contours for high-

temperature conditions with and without the presence of an enzyme (Figure 40 and Figure 41) 

illustrate the impact of temperature on the system. The reduced viscosity at higher temperatures 

has led to an increase in the average velocity of the liquid film compared to the base case (0.022 

m/s vs. 0.0328 m/s). However, a significant reduction in CO  concentration at the interface has 

adversely affected the CO  absorption. For the case being under discussion, the presence of 

immobilized enzymes proves to be more effective due to the increased film velocity, greater 

interface disturbances caused by reduced surface tension, and the rapid saturation of CO  in the 

liquid film. This explains the higher mass transfer coefficients observed at elevated temperatures. 

The mass transfer coefficient normalizes the driving force in terms of concentration gradients. 

From the perspective of flow hydrodynamics, higher temperatures enhance interfacial mass 

transfer by increasing fluid dynamics and promoting more efficient mixing at the interface.  
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Figure 40. Concentration contour showing the CO2 distribution within the liquid film (ŭ = 0.3 

mm and T = 50oC) at different times (without enzyme) 

 

 

Figure 41. Concentration contour showing the CO2 distribution within the liquid film (ŭ = 0.3 

mm and T = 50oC) at different times (with enzyme) 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 42. Temporal evolution of (a) volume averaged film velocity, (b) film volume, (c) 

concentration gradient, (d) absorption rate, (e) average bulk concentration and (f) mass transfer 

coefficient for CO2 absorption (ŭ = 0.3 mm and T = 50oC) 
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4.5 Effect of Flow Direction (Co-Current Flow)  

Co-current flow systems are preferred for their simplicity, making them particularly 

suitable for large-scale applications. The alignment of both phases in the same flow direction 

reduces the chances of flow instabilities (for example: flooding), ensuring smooth operation. 

Additionally, these systems maintain uniform temperature/concentration gradients along the 

reactor length. However, the uniform gradients limit the overall transfer efficiency of the systems. 

In contrast, counter-current flow systems enhance the driving force along the reactor length. The 

opposing flow directions lead to complexity in design and smooth operation. These systems are 

more prone to instabilities such as turbulence caused by high relative velocities between the 

phases. Overall, the choice between co-current and counter-current configurations depends on the 

specific requirements of the application, including efficiency needs, operational complexity, and 

energy considerations. 

Figure 45 shows the temporal evolution of absorption rates and the mass transfer 

coefficients for the co-current flow systems. The average velocity for the co-current system is 

measured as 0.0206 m/s, with slightly lower average absorption rates and mass transfer coefficients 

compared to the base case. Over time, the difference in absorption efficiency between co-current 

and counter-current flow systems is expected to become more pronounced, favoring the counter-

current configuration. Interestingly, the CO  absorption rate for the co-current flow system is 

marginally higher, while the mass transfer coefficient is slightly lower when comparing cases with 

and without the presence of an enzyme. This disparity arises because the driving force is higher in 

the with-enzyme case; however, it does not translate into a higher mass transfer coefficient. This 

indicates that the overall system dynamics and the presence of enzymes influence absorption 

performance in ways beyond just the driving force (impact of flow hydrodynamics).  
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Figure 43. Concentration contour showing the CO2 distribution within the liquid film (ŭ = 0.3 

mm and co-current flow) at different times (without enzyme) 

 

 

Figure 44. Concentration contour showing the CO2 distribution within the liquid film (ŭ = 0.3 

mm and co-current flow) at different times (with enzyme) 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 45. Temporal evolution of (a) volume averaged film velocity, (b) film volume, (c) 

concentration gradient, (d) absorption rate, (e) average bulk concentration and (f) mass transfer 

coefficient for CO2 absorption (ŭ = 0.3 mm and co-current flow) 
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4.6 Effect of Film Velocity 

High film velocity leads to increase in turbulence and causes great interfacial disturbances 

affecting the convective mass transfer within the liquid film. A simple case was run with a film 

thickness of 0.3 mm and high film velocity as compared to the base case. 

 

Figure 46. Concentration contour showing the CO2 distribution within the liquid film (ŭ = 0.3 

mm and high film velocity) at different times (without enzyme) 

 

Figure 47. Concentration contour showing the CO2 distribution within the liquid film (ŭ = 0.3 

mm and high film velocity) at different times (with enzyme) 












































