ABSTRACT

ABDUL WASAY , SULTAN. Interface Capturing Simulations to Model £&8bsorption for
Carbon CapturgUnder the directioof Dr. Igor Bolotnoy).

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

to reduce carbon footprint. The transport of2G@m the gaseous phase across the liquid phase
governs this process. The absorption characterized by the mass transfer déidds 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 textilfetd with gas and liquid moving in a counter
current configuraon. The complicated hydrodynamics associated with counter current flow is not
fully understood. Countaurrentflow limitation (CCFL) is critical phenomenoniieactorsvhere

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 edidade with
biocatalytic surfaces. Multiphase computational fluid dynamacshe used as tool to understand
the local flow physics and the effect of operatingditions, fluid properties and geometry effects.

In this research, an interfacapturing simulation model is developed to understand the
hydrodynamics and species transport characteristics of the gas/liquid contactomiirectal
simulation (DNS) is used to perform hidtaelity 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¥ark to understahthe

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. Hilenges associated with
counter current flow studigsistify its importance in the field of nuclear engineering. Counter
current flow also find its applicationin carbon capture technologies where-biqsid counter
current flow takes place betwean alkaline solution andh flue gas mixture. Direchumerical
simulation (DNS) usinghe interface capturing method can plagrucial rolein understanding
the role of fluid dynamics in the flow configuration of intereBhis 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 twgphase flow systems have liquid and vapor psfiseing in opposite
directions. Thessystems have considerable technological importance in industrial applications
that involvetransport phenomenofhe design constraintassociated with these systemmpact
the safety and performancef commercial industrial processeBhe flow hydrodynamicshas
serious implicationsor the efficiency ofthe transport phenomenoblinderstanding flow physics
under operating conditions provides insights ithe flow regimesand developmodels to predict
flow behavior Identification and mitigation of flow instabilitiesre crucial forthe optimization
and stability of systems as the potential instabilities hinder the transfer gijc@$ereforefluid
dynamicsplays a critical rolen production facilities that involve heat exchangers, distillation

columns, absorption and reaction systems.



1.1.1 Counter Current Flow Limitation

Countercurrent flow limitation (CCFL)s critical forreliableoperation of gas/liquid flow
systems. CCFlcorresponds to the limiting point of stability where maximum flow rates can be
achievedunder given operating condition$ represents thiémiting point of operationwherea
further increase in gas flow rate lead#htereversal of liquid flow indicang the onset of flooding.
Flooding is characterized by abrupt changes in flow patterns, sudden increase in pressure drop, the
appearance of large imfacial waves, droplsetentrainment, and flow instabilitig®]. Figure 1
demonstrates the development of flow regime transition in the vertical counter current flow with
increased gas velocitn increase in gas velocitauses the formation of chaotic wavEg(ire
1b) thatleadto droplet entrainment, indicating the onset of flooding. Increased gas velocity beyond
flooding leads to falling and climbing films occurring simultaneouBig\re k). Further increase
in gas velocity will lead to the liquid film being carried away with gas, indicating zero penetration
(Figure 14. The decreasing gas flow rate effect is also shown where the deflooding condition is
achieved Figure 1) [3].

Increasing Gas Flow Decreasing Gas Flow

0.
Liquid c)': 0 g0
In % ls
Liquid ] g p g p
Out
a b c d e f g
(b) Onsetof | | (c) Partial (d) Zero L (e)Flow | | (f)Falling Liquid | | (g) Deflooding
Flooding Liquid Delivery | Penetration Reversal Film Flow Condition
Increasing Gas Flow Decreasing Gas Flow

Figurel. Effectof increasing gas flow on flow regime transition in coustarent flow[3]



Tablel. Important parameters that affect flooding

Category Parameters

channel diameter, lengtie-diameter ratio, inclination angle,

1. | Geometrical Effects geometry at bend and exmhaterial surface properties

Operating Conditiong pressure, temperature, void fractiphasesuperficial velocity

Fluid Properties phase density, phase viscosity, liquid surface tension

Tablel shows that geometrical effects, operating conditions and fluid properties influence
flooding[1]. These parameters haastrong influence on the counter current flow systems in the
form of transport efficiency, hydrodynamic stability, floegimes, pressurop, reaction kinetics
andtwo-phaseflow dynamics
1.1.2 Challengesin Counter Current Flow System Studies

The flow physics associated with flow instabilities in counter current flow systems is not
fully understood yet. The complex twahase flow is unique fogachflow configuration. There
are no universal correlations that can predict the behavior of these sigtefise experimental
work has its challenges in terms of flow measurement techniques, system monitoring and flow
visualization.The limitation oftheapparatus ismajor hindrance to understang complex twe
phase flow in experimen{$]. The changes in one fluid property cause significant variation in
other properties leading to incorrect interpretations. For exaraglkange in liquid viscosity
modifies the liquid surface tension as whiterfacial shear is an important parameter involved in
gasliquid flow systems. The interface dynamics is highly sensitive to the local flow physics and
is stochastic in natur@heinterfacial shear plays key rolein flow regime transitions and pressure
drops[6]. This signifies the importance of its estimation in-@sid flow systemsSimulations
have been conducted to visualitee behavior of gakquid flow system.The simplified flow

models witha coarse discretization scheme do not resolve the local flow behavior. The results of



such models may hel p t o dr awbescbmmak asche resultsarei on s
guestionableTherefore, it has been difficult to establish reliable predictive capabibtiesunter
current owas t he behavior i's distinct and analyt
mechanisms well enoudH].
1.1.3 Application of CCFL in the Nuclear Industry

CCFL hasa significant impact orthe safety andreliability of nuclear power generation
units. It becomes critical phenomenon in nuclear reactor safety analysis in accigenarios
like Loss of Coolant Accident (LOCA) or Smdkeak Loss of Coolant Accident (SBLOCP).
CCFL can impede the cooling capability of coolisgstems in nucleapower plants The
occurrence of CCFL in confined channels can have serious conseqinoethermal hydraulics
perspective, CCFL studies can help understand the cooling capability of systems in severe
conditions and develop effective mitigation strategies to minimize themised. 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 fractioncang&use
the reactor to operate in reflux condenser mode, where the countercurrent flow occurs between
steam ana@ondensat§9]. Countercurrent gagjuid stratified flow is stable for certain fluid flow
ranges, and the flooding will lead to severe deterioration of the core cobliegiesearch on
CCFL inthenuclear industry can be used to impréivedesign of certain reactor components and
develop empirical correlations for CCFL predictidhe studies on counter current diagiid flow
systens find applicationgn other industries as well
1.2 Carbon Capture Technologies

Researclhon counter current flow is important to understand the absorption efirCO

chemical reactorsThis can play role irthe development of carbon capture technologies, CO



absorption technology is focused the development of high energy absorbents or enhancement
of current absorption technologies. The former approach requires the development of novel
absorbents that will possique challengeand undiscovered disadvantages for productioaron
industrial scale. Enhancement of absorption can be achieved by optimizati@pefformance
of conventional systen{40].

Biocatalyst Interaction with Gases (BI®&) aninterdisciplinary collaboration between
North Carolina State University (NCSU) and TechnicalUniversity Denmark(DTU) to develop
novel methods fo€O, capture The project aims ahe enhancement of biocatalyst interaction
with gasedy the application of immobilized enzymé&shis can be done by understanding and
overcoming systematic limitatiotisat arisén multi-phase environmemnear immobilized enzyme
interfaces [11]. The research work presented irst$tudy is part othe BIG collaboration.
1.2.1 CO2z Absorption in Falling Film Reactor

Alkaline solutions can be used for €©@apture. However, these systems have their
limitations regarding longerm operation and cost. Chemical absorption involves the transport
phenomenon where mass transfer is governed by diffusion, convection, and reaction. The process
is closely linked totte hydrodynamics of the flow, where local flow parameters have a significant
effect on the mass transfer procgk?]. 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 G@apture and conversion. The enzyme contains an active site that is
responsible for catalyzing the interconversion between the carbon dioxide and bicafb®phate
The reaction kinetics and performance of biocatalysts are sensitive to the multiphhgeidas
interface. Addressing systematic limitations will be beneficial to minimize the mass transfer

barriers that can reduce operational costs for €&Pture[11].



1.2.2 Biocatalytic Gas Liquid Contactor

One configuration for performing G@bsorption is a falling film reactor in the form of a
novel biocatalytic gafiquid 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 lave a significant effect on heat transfer and mass trgdgferThe 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 interfa@l mass transfer to understand the dynamic behavior
remains a research focus. There is no universal correlation that relates scalar transport and thin
film hydrodynamicg15]. Therefore, modeling the hydrodynamics and species transport across the
falling film is important to identify system limitations for designing efficient Gibsorption
falling film microreactors.

For microreactors involving counteurrent gadiquid flow, the mass transfer is
constrained by the thin film falling under t he
concentration at the gdisjuid interface. Chemical absorption usingsaine solutions for C@®
capture is dependent on the diffusion of GRrough 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 theligamsl
interface are expected to play a rsfigant 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 nderstand and characterize the transport oft6@ugh the liquid film.



1.3 Interface Mass Transfer
The absorption of C&in analkaline solution is governed byterfacemass transfer. The

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

L OE®I O QL QUEITRQ
I 0@ I WE i Et+0——— . . ~.
d I Q1 Qi owe wQ

D

In the gadiquid absorption process, the partial pressure or concentration gradients serve
asthefi d r i v i nTdpe résistanceecan.be relatedhiteinverse othemass transfer coefficient.
Few models have been proposedhaliterature to characterize gas liquid mass transfer process
and are summarized below.
1.3.1 Two Film Theory

Two film theory assumes th#ie mass transfer rate between two phases is controlled by

the mass transfehtoughstagnant filng present on each side thieinterface[17].

(wBe‘IJI”:n%feSd) | Gas flim Liquid flim | (Bulllk liqui;l)
! I
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SOURCE ' g 9 U SINK
Pac ! |
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Gas/liquid
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Figure2. CO, 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
theinterface into the liquid bulkThe mass transfer rate per unit area can be written as:

6 Qn 0 Do 2)



wherel is the mastransfer per unitareary 1} is the difference between the partial pressures
from thegas bulk to the interface® @ is the difference betweehe concentratiorfrom the
liquid bulk to the interfaceQ is the convective mass transfer coefficient in the gas @Erate
is the mass transfer coefficient in the liquid phase

The process can be expresbgdneans of overall mass transfer coefficients as:

0 O /N 0 & O (3)

wherev is the overall mass transfer coefficient considering partial pressthe dsving force,
N is the gas partial pressure time bulk phase))” is the partial pressuref solutethat is in
equilibrium with bulk liquid concentratiomd, 0 is the overall mass transfer coefficient
considering concentration ake driving force, ¢§ is the concentration of species that is in
equilibrium with the partial pressurg.

The application of Henryds | aw establishes

on the solubility of gas in the liquid 8]. Therefore, the overall mass transfer coefficients can be

related to individual mass transfer coefficients shown below:

o
L (4)
v Q Q
b PP ()
v oQ Q

where'Ois the proportionality constant that establishesation with the solubility of gas liquid
with partial pressure
1.3.2 Penetration Theory

Higbie proposed penetration theory to explain the mass transfer in the liquidwghiese

it is in contact with the gas phaEi9]. It applies to shotterm transient mass transfer processes



where the diffusing gas penetrates a shorter distance into the liquid phasaass transfer rate
per unit area can be written as:

o . .
(1 ('b (b (6)
(0]

where’O s the diffusivity of gas (phase A) in liquid (phase B)js the contact timep is the

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

The liquid phase mass transfer coefficiefd) can be expressed as:

- ™
o
1.3.3 Surface Renewal Theory

Danckwertsextended the penetration theory dnyggesting that the gdiguid interface is

constantly renewed by the fresh ed@@]. The process enhances the mass transfer process and

explains the role of surface turbulence. The process depends on the surface reneivahnate

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

0 Oid o (8)

The liquid film mass transfer coefficient can be expressed as:

Q O i

1.4 Mass Transfer with Chemical Reaction

(9)

Mass transfeaccompanied by chemical reaction is a phenomenon where the transport of

specis diffusing from one phast anothereacts with the species present in the other phiase.
consumption of specséncreassthe driving force.e., concentration gradierithereforethemass

transfer rate is enhanced with the chemical reaciiba enhancement factdd) accounts fothe



increase in mass transfer rate due to chemical reactionthi ratio of chemical absorption to

physical absorption and is given as:

D QOidl G il " QDU QHD0o Qé ¢
Dwidl 0¢ il " WD 0I0QWwwo Q€ ¢

(10

Another important dimensionless number associated with chemical absorption is Hatta

number "Ow. It is expressed akeratio between reaction time and diffusion time.

o QQQQ64 WE'Q@ (11)
I Quwo Qa8

"Odis used ashe criterion to estimate whether the reaction oceutkin the liquid film
('O p) or it occurs beyond the liquid film within the liquid bullO¢L p). It is necessary to
understand whether the chemical absorption is controlled by diffusion or reaction. For example,
systems witha high value ofOcnumber require large interfacial area as the reaction is fast and

occurs within the film{21].

Interface

PA Reaction can take place in both the

liquid film and in the main body of
liquid. Fast reactions occur in a
narrow zone within the film, slow
reactions spread through the film
and main body of liquid.

—r SN e s

Gas Liquid Main body
film film of liquid

Figure3. Mass transfer accompaniby chemical reaction (absorption of species A that react
with species B in the liquid filmR2]

1.4.1 Absorption of CO2zin K2CO3-KHCO 3 Solutions
K2COs-KHCOs solution qualifies aaneffective solvent for carbon capture dughtehigh

chemical solubility of C@in solution, low heat of reactiohjgh solvent capacitygasy solution
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regeneration, and low degradation tendej28}. CO; absorption using FCOs-KHCOs involves
both reaction and mass transfer preeesThe reactionrmechanism depends on the pHtloé
solution. For pH 20, the principal reaction mechanism is the reaction of @ith OH ions as
shown below:
#/1 | (2 (#/ (Fast) (12
(#/1 | ( 2z #/ (/ (I'nstantaneous (13
It is important to mention that the fast reaction shown above is thémitiag step. For pH<10,
the predominant reaction is the hydration of dissolved. CO
#1 ¢/l z(#! (/! Fast (19
(#/1 (/1 z#] (/ I'nstantaneous (15
For carbon capture systems, reaction systems havirgli@Hvill be considered where theaction
rate can be established as:
iQ o#I 1 ( (16)
wherei is the reaction rat€Q is the second order reaction rate consta#t/ is the
concentration of C&in solution, / ( is the concentration of hydroxide ions.
1.4.2 PseudoFirst Order Reaction
Considering the buffering nature thie solution and the carbon absorptitvattakes place
in solution with pH >10, the concentratioof hydroxide ions ( ( ) remain constant. In such
circumstances, theeaction can be assumedaggseudo firsiorder reaction and the reaction rate
can be expressed as:
i Q #/ (17

whereQ is the overall rate constant.
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1.5 Interface Capturing Simulation to Model GasLiquid Flows

Computationafluid dynamics (CFD) is the application of numerical simulations to predict
flow behavior. It involveshediscretization of Navier Stokes equations into a finite set of algebraic
eguations that can be solved to yield results. Dinectericalsimulation (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-phase flow simulation to understand the
complex hydrodynamics and spesitransport in the falling liquid microreacfa#]. 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 hydrodynammature of complex flow patterns, simulations add value to experimental
work by interpreting important parameters that affect flow phy&6k Two important methods
used by researchers to capture the interface ipptvese flow problems include the volume of
fluid method (VOF) and the levsket method (LS). VOF involves the construction of an interface
using fractional volume in each grid. Th& method utilizes a lewaet function to track the
interface where the interface is defined by the value zero of the function.

LS method allows tsimulate 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 cousterrent flow limitation (CCFL)
for theoperation omicro-reactorsTheinterfacial shear plays a significant rolde development
of flow regime Therefore, a model that incorporates shear ssessededThe sheadepends on
the local properties in counteurent flow which includes frequency and velocity of wave
amplitude at the interfac&he interfacial waves are stochastic as the wavy interface is formed by

small amplitude ripple waves and large roll waj@sDuring 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 countercurrent configuration. The increase in the ga®asig) 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 becomesuroent[26].

High resolution twephase flow modeling with the application 6FD can help us to
resolve flow through gakquid contactor. The results from the experimpravide global flow
parameters that feed the computational md@EeD with interface capturingan be used astool
to resolve the interface and model the hydrodynamics and species transport. The results will be

used to establish predictive metrics for biocatalytic reactor design.

___________________

!lnput | ! Output !
! R
Global Flow Parameters Direct Numerical Simulation Characterize Mass Transfer of CO,
*  Fluid Properties |::> Local flow physics, Understand |::> * |dentify the system limitations
Flow Rates hydrodynamics and species transport, * Optimize the reactor design
Operating Conditions Interface dynamics * Establish predictive metrics

Figure4. Schematic showing the role of DNS to model mass transfer pf CO
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 madetharacterize the
absorption of C@through falling film as shown iRigure5. The research objectives are:
1. Develop a methodology to model counter current gas liquid flow through representative
geometry to investigate the absorption of2CO
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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Investigate the role of global flow parameters such as flow rates on the local flow physics and

characterize the mass transfer process.

Utilize the results from simulations to quantify absorption ot @@ough gas liquid contactor

and identify systematic limitations.

Experimental Data

CO, capture efficiency
Effect of flow rates
Demonstrate limitations

l
Biocatalytic
Reactor Design

\
Analytical Model Numerical Simulations
Calculate liquid film thickness |« > Investigate local behavior
Model diffusion of CO, Optimize liquid film thickness
Analyze the mass transfer ldentify limitations

Figure5. Development ofiframework for biocatalytic reactor design
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CHAPTER 2: NUMERICAL TOOLS

Direct numerical simulation (DNS) with interface capturing methodsas becomea
powerful tool to modekwo-phase flows with thauitilization of high performancecomputing
(HPC).With theinterface capturing approach, DN&n resolve the countercurrent gigsiid flow.

This chapter provides details about the flow SOREIASTA (a finite elementbased codethat
usesthe level set method to resohend trackthe gasliquid interface The process requires
computationalmodeling ofthe fluid domain and its discretizatiorSBimmetrix is used with
PHASTA to implement appropriate boundary conditions on complex flow geometries generated
by CAD software Simmetri xd6s mesh gemsd ttdiscoehze the o |
computational domainThis chapter also focuses on the governing equatibat serve as a
foundation for modelinghe mass transferfggnomenon

2.1 PHASTA Overview

The current simulations utilize the finite element flow solver PHASTA (parallel,
hierarchic, higheorder accurate, adaptive, stabilized, transient analy2®) This code has
proven to be highly versatile and effective across a diverse spectrum of modeling techniques. It is
applicable tasimulations of turbulent flows and supports a variety of models, including Reynolds
averaged NavieBtokes (RANS), Larg&ddy Simulation (LES), Detached Eddy Simulation
(DES), and Direct Numerical Simulation (DNShe interaction between bubbles and fl@8],
bubbly turbulencqd29] and twephase heat transfer problef80, 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), PHASTAwas chosen as a numerical tool to conduct simulatitmgpredict CQ
concentrationn counter current twqphase flow
2.2 Governing Equations

This code solves the incompressible Nax8&vkes equations in their strong form, as

presented below:

16 18
2o 16 ratt
To %Ta fo1a ° (9
whereo is the fluid velocity,” is the densityr) is the static pressurg, * — — isthe

viscous stress tensofis the body forceThe Continuum Surface Force (CSF) model is employed
for surface tension, originally introduced [84]. The discretization schemes implemented in
PHASTA are discussed in greater detail3h, 36}

To model mass transfer, advectidiffusion equation for a passive scalar is used as a base

to model the transfer of G@oncentration as:

—a
—a

6 ,16 _160
—, 0 —~— O——
T o W T ®

Y (20

—a

whereo is the concentratiorQ is the diffusion coefficient)Yis 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 werdiasted to predidhedistribution of CQ concentration.
2.3 Level-Set Method

The levelset, an interfaceapturing method, has been integrated with PHASTA to

accurately track the location of interfacd@$is method is discussed in detail[87, 38, 39, 40]
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and[41] works. In the levebet method, the interface is modeled as the zero level of a smooth
function, s . The scalar variable represents the distance from the interface to any point in the
domain as a distinct lewskt value. The sign of the lev&t field indicates different phases and
the zerelevel set§ 1) determines the current interface location

The levelset fielde is propagated throughout the computational domain using the local
fluid velocity, as described by the following partial differential equation (PDE):

O To
0t T o

0O ™ (21

where¢ is the local velocity vectoiThe positive value of leveset,» T, indicates the liquid
phase while the negative value, T indicates th@aporphase. At the boundaries, zegmadient
of levetset function is ensured by t= 1T

In the levelset method, a "onfuid" 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 thiadget&om one
phase to anothefhe properties near the interface are defined using a smoothed Heaviside kernel

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

propertied39]:
11 e -
0. Ep T Zime fes - (22
P hoo-

where- is the distance field interface hdlfickness.
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1.2

Value of Heaviside function

0
-2 -1 0 1 2
-0.2

Distance to the interface (in the unit of half interface thickness ¢)

Figure6. The transition profile of Heaviside function

Density” and viscosity values in the domain are defined usi@gands
Ve "O e« " p O (23
‘e ‘0 . “ p O . (29
A re-distancing operation is introduced to makaccurate throughout the domain as it is

being stretched by local velocity evoluti{89]:

T Q
—_— ' “Ye 2
Tt Q%Y (25

whereQis a scalar representing the updated distdiete « , and Uis the pseudetime variable
over which this ralistancing equatioms solvedto achieve steadgtate condition,Ys is a

smoothed function that is defined as

P fe -
vo = Peep’ fes - 26)
b

s
v

1P- -
v oop
where- is the distance field interface hdlfickness over which the velocity is smeared out for

numerical stability.
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2.4 MassTransfer 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 processdarare
This is also evident from their mathematical
of diffusion. PHASTA model heat transfer process by discretization of energy equation that is
derived from scalar transport equation.

B %o
To

Nt "A% Nt 3% Y (27)

where%ois the scalar quantity to be transported;— is the rate of change of scabawith time

at a given locatiory, t ” f}%o is the advection term that accountstfetransport of scalar quantity
by the bulk motion othe fluid medium,n t 31%. is the diffusion term that accounts fibre
movement of scala%o.due to" %, “Yis the source/sink term that accounts for generation or
consumption of scal&o

When the scalar quanti%ebecomes temperatui¥ the scalar transport equation becomes

theenergy equation and can be stated as:

BQ -
—— i "AQ nt @y vy 28
= n (29

For modeling mass transfer problems, concentradcan be treated asscalar quantityéo

and the equation governitige mass transfer problem can be stated as:
11 I ..
— NtAw "1t $rw Y 29
= A (29)
where$ is the diffusivity andY represents the reaction term that accountshiegeneration or

consumption of chemical species.
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The driving force for heat transfer is temperature gradient. Simildmyconcentration
gradient is responsible for mass transidre parameters associated whke energy equation and
their counter parts for the species equation are tabulafeabie2.

Table2. Parameters involved in heat transfer and their counterparts in mass transfer

Sr. Heat Transfer Mass Transfer

1. | Temperature”Y 0 Concentration a € i
2. | Thermal Diffusivity | a J Diffusion Coefficient O a F
3. | Heat Flux n w Ta Mass Flux & aéxm d

The dimensionless parameters associated with both phenomena are also similar as shown
in Table3. These dimensionless numbers are important for the development of correlations.

Table3. Dimensionless parameters of heat transfer and their counterparts in mass transfer

Sr. Heat Transfer Mass Transfer
1. | Prandtl Number0 i 11 ) Schmidt Number"Yo $70)
2. | Nusselt Numberd 6 "DFQ Sherwood NumberYQ 'Q 0XO

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:
| T (30)

where'Qis thermal conductivity’ is the density( is the specific heat at constant pressure. These

parameters are adjusted to model diffusion coeffici@ntassociated with the mass transfer.
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CHAPTER 3: PROBLEM FORMULATION

This chapter describes theethodology to model twphase flow through gdsuid
contactor Simplified geometric model will be used thatorporates th8ow hydrodynamics and
the absorption a£O, from thegas phase tiheliquid phaseThe process involves the development
of ananalytical model that is used in conjunction with experimental data to feeihtb&tion
model It is necessary to discretize the computational domain and implement the appropriate
boundary conditionsThis chapter iglividedinto 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
mathematicaimodel, focusing on the flow hydrodynamics and species transport mechanisms
governing the absorption of G@hrough the liquid film. The second section outlines the specifics
of the computational model setup, its discretization, and the evolution of tlezioahframework.
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 charactergthe 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 thesi#\ laboratory CQ gas scrubbetesting unitin the Textile Biocatalysts
Research Laboratory (Wilson College of Textil®gs operated in singleass flowthrough
absorption mode to evalua@®O, capture efficiencies of thiextile-based gatiquid contactors
with and withoutimmobilized carbonic anhydras@CA). A nominal 10 wt.% KCOs aqueous
solutionwas selected as ti@&O, absorption solverwith its pH adjusted td.0.5through a mixture

of K2COsz and KHCQ (8.5 wt.% KCOz + 1.5 wt.% KHCQ + 90 wt.% HO) to simulate lean
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solvent pH commonly obtaineafter solvent regeneratiolfwo mass flow controllersvere used
to maintain gas flows @.4 L/min CO, and3.6 L/min N2 entering a gas mixing chamber followed
by a gas humidifier before entering the bottom of the &l§3orption columrSolvent flow rateof
120 mL/min andotal gas mixture flow rate of 4 L/miiQ vol% CQ) wereused and the test was
carried out at ambient temperatufeslip stream of the gas mixture exiting frahe top of the
absorption column was sent throughdrying column and into a GQas analyzer foCO
concentratiormeasurementCO, capture efficiency wasalculatedbased on steaestate CQ

concentrationsiccording to the equation:

VIV « I ¢ IV
OVwwNn oA NAQWPQE w6z pTiTmtb (3D
Vent
| Gas | “Lean” or fresh
mixing €0, Gas GE_’S Solvent
chamber Analyzer || drying /J\—/'\y_ept
Mass Mass column R
flow flow 5 5
controller | | controller 2 ©
= 5
T T | Gas humidifier a §
< '8
Humidified CO,/N, mixture =
c
i)
N o Rich” O] Optional
2 2 solvent desorber
gas gas

Figure7. Schematic of laboratory gas scrubber testing unitig¢t 3]
The biocatalytic textilebased gatiquid contactor utilizes immobilized enzymes to

accelerate Cgxapture A spirakwound 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 tub€ountercurrent flowoccursbetween an aqueous®0s solution and an N
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and CQ gas mixtureUnderstanding and overcoming systematic limitations where biocatalysts
are employed at multiphase reaction interfaces is crud investigation of the mechanisms
involved will be useful for scalap demonstrations in industrial applications.

The countercurrent flow through the textile scaffold has a thin liquid filK.COs
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. Thereforerdsiglution twe
phase flow modeling is required to investigate the effect of globdlfllmw parameters on local
fluid flow parameters. This requires understanding the role of interfacial shear in ecunmésrt
flow systems. The simulations wilelbuseful to optimize gas/liquid flow rates for carbon capture
efficiency. Interfacetracking $mulations (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.

Liquid
Inlet

/ Inner Radius

: 2 l\ Liquid
Porous Region Gas Region 1 Fitm

~ Outer Radius

Dimensions of Textile Scaffold
Radius = 34 mm

Cheese Cloth Layers = 11
Cheese Cloth Thickness =1 mm

Distance between Plates =2.4 mm
Width of Plates =4.8 mm
Height of Plates = 10 mm

Gas
Inlet

Figure8. Textile scaffold used in the experiment with flow directions and dimensions (left) and
the simplified model that shows the flow between phates (right)
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3.2 Computational Model

Flow throughthetextile scaffold can be modeled as flow between parallel plates with liquid
and gas moving in opposite direct®he distance between the plates (2.4 mm) represents the
gap between consecutive textile scaffold lay€he domain haa certain thickness of liquid film
that flows down under the action of gravifyhe 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. Té 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

Figure8 demonstrates the modeling approach for the experimental setup. The absorption
takes place within the textile scaffold as the-@@fuses from gas towards the liquid region. The
flow between each consecutive layethatextile scaffold is analogous to the wetted wall column
for interphase mass transfer of gas and ligbigure 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 roughreesffect 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 lenfgéh of t
representative channel is 10 nfiigure10shows the representative channel of the textile scaffold.
In the simplified model, the thin blweavy liquid film adjacent to the wallgsurface of the textile
where enzymes are immobiligad flowing downwards under the action of gravity, while the gas

is moving upwards.
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Figure9. Physical representation (lef§2] and domain schematic (right) for the modeling of
counter current gas/liquid flow through textile scaffold
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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 paramgt@rsthe experimental data such as
liquid film thickness The analytics can also be used to estimate the body force pressure gradient
to simulate the twqphase flow for the desired flow rates.
3.3.1 Flow Hydrodynamics

The analytical model is used for the estimation of film thickness. It is assuatédwhis
laminar and the interface is flat. From the momentum equation, the expression for velocity can be

written as:

s W .
— MM— O0w 0oh (32

whered = vertical velocity of phase k, = viscosity of phase k— = pressure gradient,

density of phase kp = distance along the horizontal ax@,= proportionality constant)

proportionality constant.

Al so, the Newtonds | aw of viscosity states
R K I K
T T (33

wheret = interfacial shear, = viscosity of gas phask,= viscosity of liquid phase

The proportionality constants can be evaluated from the boundary conditions stated below:
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Figurell Schematic showing the velocity distribution obtained from the analytical model
Table4. Comparison between experimental data and analytical model for counter current flow

Sr. | Parametel Analytical Model Experimental Data
L " p p E T P p BE T

2. " PS¢ T PS¢ T

3. : ptwwp T U & pBtwwp T 0@
4. ‘ ppx pm O & ppx pmOd
5. 0 p C®a Ura Q¢ p ¢ dr OFa Q¢
6. 0 18t 1T TOR Q¢ 181076 Q¢

7. YQ o catp

8. YQ p B2 p 161

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 16 necessitates the requirement of a higbolution mesh that increases
computational costHowever, tlis research will be focused on the development of framework that
requires running simulations on higher values of film thickness.
3.3.2 CO:2 Absorption

CO; absorption takes place from a &N gas mixture (10% Cg&and 90% N) into the
falling film containing aqueous potassium carbonatgC®) basedsolvents. It is an interphase
mass transfer process where thex@®@ves 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 COz across the interfac&he overall mass transfer coefficient depends on the resistance offered
by each phas€0O; has low solubility in alkalinsolutions. Furthermore, the diffusivity of G0
the gas phase is relatively high (by order of)10Thereforethe gas field resiance can be
neglected in this interface mass transfer process is a liquid phaseontrolled process where
the overall mass transfer coefficient is governed by individual liquid phase mass transfer
coefficient™Q. In this study, the liquid phase mass transfer coefficient will characterizeéQhe
absorption Figure 12 shows the schematic gfas absorption where Gdiffuses from the gas

mixture across the gdijuid interface.

28



Gas Liquid
Mixture Solution

Gas- liquid
interface

Figure12 Gas absorption with CQransferred from gas mixture to falling liquid solution
In this study, the investigation is limited to alkaline solutions only. Thedg@@centration

in the liquid film at the top of the textile scaffold is assumed to be zero. The concentration at gas
' iquid interface is governed by Henryodos | aw.
W @
" (395)

where'Odenotes the Henry constant and denotes the partial pressure of Qthe interface.

For theabsenc®f enzymes present on the textile surface, zero flux boundary condition is
assumed. This established that there is no consumption or depletior, @it @@ walls. This
condition is analogous to adiabatic walls in heat transfer problems. Mathematically, we can write:

T o
Tt (36)

where! ¢y is the concentrationf CO; in the liquid phaset is the normal to wallg is the

location ofthewall. The presence of immobilized enzymes at walls is modeled by assuming that
CQO, that reaches the wall gets consumed immediately by the enzyme. This can be translated as

zero concentration of C(at the walls and can be mathematically written as:
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3.4 Model Setup
The foundations fothe computational model have been explained in Se@i@ The
domain has been generated using SOLIDWORKS as showigume 13. The wavy walls are
generated using combination of sine waves. Counter current flow takes plasdiraction
(streamwise)Periodic boundary conditions are appliedsanda directions. The location of liquid

film is initialized using scalar function in the SimmodeJeigure 14).

2.4 mm

Figure13. Computational domain generated using SOLIDWORKS

Figurel4. Initializing the liquid film thickness by defining location of glguid interface
(yellow line) using leveket function
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3.5 Mesh Design

The bulk mesh size of 0.1 mm was chosen for transientthmeensional 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 showhahble5. The total number of mesh elements for
the setup is about 1.34 million. Simulations were performed using NCSU HPC resources using 64
cores.

Table5. Mesh refinement parameters for the boundary layer

Parameter Value
First Layer Thickness 1E-06 m
Total Thickness 1.98E04 m
Total Number of Layers 8

Figurel5. 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
thetransport of CQthrough falling film.Considering the computational cost and ti®.& mm of
film thicknessis chosenas the base case. The base case servasrésrion to establish the
modeling approach that will lead to the parametric study. ersessary to list the important
assumptions for the numerical model:
1) Both the liquid and gas phase are treated as ideal mitubea | t ond6s | aw of
is used to estimate the partial pressure of @&@he interface
2) Annular flow regime is considered for the counter current gas liquid flow.
3) Mass transfer resistance is neglected in the gas phase (liquidoomas®led 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 concentrationofCat t he i nterface i s governed
7) The presence of enzyme is modeled through appropriate boundary conditions.
8) Flow geometry is modeled as periodic domiaithe streamwiseandspanwise directions
9) The evaporation at gas liquid interface is neglected.
The fluid properties are listed Trable®6.

Table6. Fluid properties

Sr. Property Liquid Gas

1. Density Q' Th ) PP P PB ¢

2. Viscosity 0 o3 P8 W p T P& pTI
3. Specific Heat GF'Q Q) o8ty p T PELC TP T
4. Thermal Conductivity w 7& Q0 B X W 1t 1 o)
5. Diffusivity & 7i pBoc p T PH W p T
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Specific heat and thermal conductivity are adjusted according to the diffusivity estimated.

The diffusivity of CQ in liquid solution can be estimated using the following expreqdidj

0O

O ‘ (39

i is diffusivity of CO; in the liquid solutionO | diffusivity of CO; in water * is the

viscosity of liquid solutiorand‘ is the viscosity of water. The diffusivity of GGn water is

given aqd44].

. CPPpW
O { C®U pT[AQBT (39)

The boundary conditions are summarizedable?.

Table7. Summary of Boundary Conditions

Sr. Boundary Condition Meaning
)
1. Y n Gas velocity is maximum at the domain center
2. 0 0 Gas velocity ainterface equals interface velocity
10 T .
3. T — Applying Newtonds | aw
4. 6 Tt Fluid velocity at wall = 0
5. O QD Concentration at interface is governedtbg nr y 6
T oy .
6. T 6 mn COz concentration flux at wall = 0 (no enzyme)
7. @ n COz concentration at wall = 0 (with enzyme)

3.7 Estimation of Concentration Gradient

The absorption of C®in the liquid solution is characterized by the estimation of

concentration gradient at the interfa€er this purpose, dot product between the concentration

gradient and surface normal is calculated in Paravisualization toolkitthat can be integrated
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across the volume corresponding to the half of film thicknessThe integrated dot product is
normalized using the same volumEhe concentration gradient is estimated for both films

separately.

E| sabdulw (cs:/ffinsight.ne.ncsu.edu:3003)
|

O E phastag4_,.pht
] H—}E MergeBlocks 1
|

] B Temperature Gradient

' ) t Level Set Function Gradient
) t Clip Across ¥ Plane

b t Clip Across Phi =0

' ) t Clip Across Phi = Epsilon
@ t Calculating Dot Product

(& |__L| Intergating

' ) t PointDatatoCellData

' ) t Calculating Average

b —ff: Annotate Time

Figurel6. Pipeline Browser in Paraview
Figure16 shows the screenshot taken from Paraview and the details of eaciMidtge Blocks

filter is applied to combine the multiple blocks into single entity. The gradiecdrafentration
and level set function is estimated using Gradient of Unstructured Data Set filter. The liquid film
having thickness is isolated using clip filter in sequenas shown irFigure17. Calculator filter
is applied to evaluate the dot productamhcentrationgradient and the surface normdhe
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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Figurel7. Application of clip filter to isolate liquid film of thicknessat time step = 0

awork.

A simplified representative channel is proposed that can replicate the flow physics involved
for counter current gagjuid flow through textile scaffold. The mathental model for flow
hydrodynamics and species transport is discussed thasaiiplementation of appropriatsitial
and boundary conditiongor 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 indéee that will be useful for pegrocessing.
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CHAPTER 4: RESULTS AND DISCUSSION

In this chapterthe results obtained frothe numerical framework are discussed in detail.
The results are usefdbr understandinghe hydrodynamic behavior of falling films and its
influence on interfacial mass transfer. The atifimulation results exhibit the importance of flow
regimes and flow instabilities in countesurrent gadiquid flows. Flooding in microchannels with
countercurrent flowis briefly discussed, as it is a critical phenomenon influeneffigiencyand
reliability. However, the major focus of the thesishedevelopment od numerical framework to
characterize C@absorption The absorption will be calculated by estimatiothefconcentration
gradient atthe gasliquid interface The absorption rates are normalized with the difference
betweertheconcentration of Cgat the interface and the average bulk concentration efA@in
the liquid film to yield the mass transfer coefficient of the system. The estimatide ofass
transfer coefficient characterizes the inherent efficiency of the system and &éoesparison
of different absorption systems. The chapter is structured as follows: i) brief discussion on flooding
and its significanceii) flow hydrodynamics and physical absorption of base case (0.3 mm film
thickness) iii) parametric study of different cas@gere 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 dttbeggasliquid
interface may caustne formation of surface waves that leadaoincrease in interfacial area.
However, the excessive increase in shear can lead to flow instabilities leading to flooding.

Numerous CCFL studies have been conducted anmhinersal correlation has been proposed for
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CCFL due to complexity. However, some general correlations have been prdposagh
experiments. One of the important correlasionvolves a parameter (dimensionless liquid and
vapor superficial velocities) proposed by Walti§] expressed as:
3 8 14 L4 8 14
V] au o) (40)
J is the dmensionless gas phaseperficial velocity)) is the liquid phase superficial velocity,

and0 are empirical constants that depend on fluid properties, flow geometry and the operating

conditions. The dimensionless phase velocity can be defined as:

G s (41)

b1 (42
The subscripb represents the gas pha¥@ ¢r liquid phasel), 0 is the phase superficial velocity,
" denotes th@hasedensity, Qis the acceleration due to gravity, a@depresents thehannel
equivalent diameter, is the phase void fraction and is the phase velocity.

Another important correlation proposed in literature invokatateladzenumber( 0 6° based

onthedimensionless channel diameter proposeimateladzg46]:

o 0 ——- (43
O is the dimensionless pipe diameter gnd the surface tension coefficiefithe correlation can
be stated as:
0o G 06" 8 6 (44)

o 8§ (49)

Vo’
"Q” ” ”

The development of correlation for the countarrent flow configuration under discussion

is beyondhescope of this thesis. However, few cases were run that show the numerical framework
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hasthe capability to characterize the flooding condition in the experimental s8toplations

were performed for different void fractions by varying film thickness. Flow hydrodynamics of the
falling liquid film wasanalyzed. 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 cantribute
towards the enhancement of mass transfer due to velocity gradhignise 18 shows thevertical
velocity contour for the representative channel whieedlow regime observed is anlaw. The

void fraction {J) of 0.4 corresponds to a film thickness of 0.72.mm

Time:37.2ms Time:782ms Time: 149 ms Time: 184ms Time: 196 ms Time: 255ms  Time: 291 ms

Velocity X
(m/s)
0.16
0.15

Figurel8 Ver ti cal velocity contocWwdA shown at
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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 domairkigure19 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, cecurrent flow was observed for a void fraction of 0.2. This establishesldlodirfg
has been observed in this case. It is interesting to visualize the flow regime of void fraction 0.2 as
shown inFigure20. 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 leadihgftomation 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

—=— Void Fraction 0.4
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Figure19. Instantaneous vertical velocity profile along the channel width at the domain center
(dashed lines show the locationtbé interface)
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4.2 Physical Absorption of CQ in Liquid Film

In this sectiontheinterfacial mass transfer of G@nd 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. CQ distribution within the liquid film can be visualized through
concentration contours taken througlplane passing through the domain center in the flow
direction. The absorption across the gas/liquid interface (shovthebyhite line) with time is
shown inFigure 21 (without enzyme) anéigure 22 (with enzyme). The contours show tlilaé
development othe 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 Qi¥fuses across the liquid film and moves toward the wall.
The decrease in concentration enhances the driving force leading to more absorptipwithi@O

the liquid film.

Time:11.1ms Time:85.1ms Time:167ms Time:332ms Time:498 ms Time:665ms Time: 996 ms

Hi

Figure21. Concentration contour showing the £distribution within the liquid film(0.3 mm)at
different times (without enzyme)
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Time:11.1ms Time:85.1ms Time:167ms Time:332ms Time:498ms Time:665ms Time: 996 ms

L

Figure22. Concentration contour showing the £distribution within the liquid film(0.3 mm)at
different times (with enzyme)
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Figure23. Plot showingthevariation of concentration along channel wiftth0.3 mm thickfilm
(no enzyme) taken across the black line (shown left) passing through slice at domain center
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Figure24. Plot showinghevariation of concentration along channel wiétth 0.3 mm thick film
(with enzyme) taken across the black line (shown left) passing through slice at domain center

Figure23 andFigure24 showthe transient change in average bulk concentration for film
thickness of 0.3 mnas the CQis absorbed within the liquid filmiThe concentration contours
shown on the left side dfigure 23 and Figure 24 may appear similarput the plots suggest
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
wallswhichsuggesttheconsumption of C@by the immobilized enzymé&he bulk concentration
will influence the interfacial mass transfer as lower average bulk concentration in the liquid film
allows steeper concentration gradient at the interfedei s can al so be expl air
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 asorb CQ.

42



4.2.2 Flow Hydrodynamics

The flow hydrodynamics im falling film reactor is characterized by a thin falling film
under the action of gravity along the surfa€ke liquid flows downwards aa continuous film
where liquid properties (density, viscosity, surface tension) and operating conditions (flow rates
and flow geometrypffect the flow behaviorThe presence of corrugations on the reactor wall
impactsthe dynamic interfacial contact argaomotingthe formation of surface wavesthegas
liquid interface Figure 25 depictsthe vertical velocity contouover time with the gadiquid
interfacehighlightedby the white line. The velocity of the falling film varies around 0.02&\/s
which correspond to the'Ye = 14.The surface waves #he gasliquid interfaceinducelocal
turbulence anénhance thénterfacial contact aredherebyincreagg the mixing betweenthe
two-phasesAdditionally, the surface wave dynamigsnerat velocity componerstnormal tothe
gasliquid interface further facilitating intephase interactian

The flow structure inside the liquid film hastrong impact on the interfacial mass transfer.
The velocity contour suggests even laminar falling films exhibit intricate hydrodynamics due to
complex interfacial dynamic.his affects film stability and the variation in film thickness. The
liquid-gas interface is sensitive to the local flow physicserturbations which is apparent from
the periodic oscillationgrigure 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 gasephnd liquid phase generates velocity

gradients at the interface that affect the liquid film stability and the flow regime.
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Figure25. Vertical velocity contour for film thickness = 0.3 mm
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Figure26. Vertical velocity distribution withirthechannel for countecurrent flow{ = 0.3 mm)
Figure25andFigure26do not represent the velocity variation within the liquid falearly

due tothe difference in the velocity scale of both phadégure27 shows the variation of liquid
velocity within the liquid film at different section3he plot exhibits stochastic nature where
localized turbulence creates chaotic velocity fluctuations. The interfacial interactions and wall
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roughness lead to namiform velocity profiles. This causes localized acceleration and

decel er at i
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length. The plot also suggests that flow hydrodynamics associated with each film might be

different.
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Figure27. Vertical velocity distribution withirtheliquid film at different locationg (= 0.3 mm)

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

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

(c) Velocity plot taken along horizontal line passing 8 mm downstream
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Figure28illustrates the temporal evolution of the voluaneraged 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 eachnidividually. The
average velocity of the right film shows a consistent decrease over time, transitioning from
countercurrent to cecurrent flow. This behavior suggests the occurrence of localized flooding
within the gadiquid contactor, potentially arisg 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, whicttould 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 ghiquid contactorMass conservation is a wekcognized
challenge for the conservative lexsgdt method, as the interface evolves numerically over time.
Figure29 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 thadividual films are analyzed separately.
4.2.3 Absorption Rate

The absorption rate per unit area is quantified by the estimatidheafoncentration
gradient at the interface. Mathematically, it can be written as:

T O
T (46)

0 O i
wherel s the absorption of CQvithin liquid film as a result of interfacial mass transfer,

is the diffusivity of CQ in the liquid solution; b is the concentration gradient normal to the

interface.
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Figure30. Temporal evolution of concentration gradiént{0.3 mm)
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Figure31. Temporal evolution of absorption rate£ 0.3 mm)
Figure 30 and Figure 31 showthe temporal evolution of the concentration gradient and

absorption rates, respectively, for a film thickness of 0.3 mm. In these graplsslithines
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represent scenarios that simulate the presence of enzymes on the walls, whelastsettiaes
correspond to cases without enzymes. The results indicate that the presence of enzimmes
walls becomes significant only at | ater ti me
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 fitmekness. A thicker film creates greater
resi stance tslowing @ mowwmentftowards the enzyooated 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 effantivel
gasliquid 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 estabitigher average velocity
compared to the right film. This increased ve
enabl ing faster mihefiennarthdarmorefthe Gigher velobity io thegefft film
contributes to greater digstion of the wavy interface. This disruption promotes increased mass
transfer by enhancing mixing and reducing the
4.2.4 Mass Transfer Coefficient

The masdransfer coefficient is an effective way of characterizing the interfacial mass
transfer as it normalizes the driving fo@®ncentration gradientlt represents how fast a specie

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

R 7 (47

Yo @ ©f (48)
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'Q represents the mass transfeefficient a 7i), 0 is the absorption ratek &€ & i), Yois
the difference betwedheconcentration o€ O ttheainterface and the average bulk concentration
of CO liquidfilm.t h e

The mass transfer coefficient is independent of concentration gradiattallows a fair
comparison between different systemsst like heat transfer coefficiemass transfer coefficient
can also be correlated tie dimensionless numbers for practical applicationBis single
parameter effectively accounts for the resistance at the interface as well as the bulk phase
resistancesk-igure 32 depicts the temporal evolution tife average bulk concentration of €O
within the liquid film, which was used to calculate the mass transfer coefficient based on Eq (47)
and is presented iRigure33. The plot suggests that the presence of immobilized enzymes does
not have a significant impact, primarily duethe@ short contact time and high resistance offered

by liquid film thickness.
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Figure32. Temporal evolution of the avera@€&y, bulk concentration in the liquifl = 0.3 mm)
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Figure33. Temporal evolution of mass transfer coefficient of2@0sorption] = 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 athgcheg absorption rates, while
thinner films promote steeper concentration gradients, enhancing mass trAdsiganally,
thinner films often develop surface waves that enhance mixing and expand the interfacial area,
making them highly efficient for mgnapplications 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 intéace.Liquid film thickness depends on operational parameters (flow rate and flow
geometry) and fluid properties. Simulaticar® beneficial to understand the nbnear behavior

of interfacial mass transfer as thes@atradeoff between #iciency and operational stability.
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Figure34. Concentration contour showing the £distribution within the liquid filmj( = 0.2
mm) at different times (without enzyme)
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Figure36. Concentration contour showing the gdistribution within the liquid film §=0.4
mm) at different times (without enzyme)
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Figure39. Temporal evolution of (a) volume averaged film velocity, (b) film volume, (c)
concentration gradient, (d) absorption rate, (e) averagecbultentration and (f) mass transfer
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Simulations wereconducted to investigate the impactligfuid film thicknessat three
levels: (i) 0.2 mm, (ii) 0.3 mm (base case) and (iii) 0.4 nikigure 34-Figure35 andFigure 36-
Figure 37 illustrate the concentration contours for the film thickness of 0.2 mm and 0.4 mm
respectivelyA comparison of results shown Fkigure38 (0.2 mm film thickness) anBigure 39
(0.4 mm film thicknessjeveas that themass transfer coefficient for 0.2 mm film thickness (with
enzyme) ignore than twice that of the 0.4 mm cakds also quite evident théte presence of
immobilized enzymghas no effect on absorption rates0.4 mm thick film However.a marked
differenceis observed when comparing casath and withoutenzyme for film thickness of 0.2
mm. These findings suggest that {hiesence oénzymedasasignificant effecin the gadiquid
contactowhere the film tickness is around 1Q@icrons
4.4 Effect of Temperature

Temperature directly influences the fluid properties, including density, viscosity, surface
tension, solubility, and diffusivity of CO [
determining the interface Isgrptiannm acfalingdimdThe he ef
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 stiehing 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 higamplitude surface waves that promote mixing. Huenaical
absorptionelevated temperaturascelerate the reaction rates, thereby increasing the driving force
for interfacial mass transfer and improving absorption. However, elevated temperatures also

reduce CO solubility, owhothC@ecnetasbe theecbd
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of COz in the solution decreases with temperature. The net effect of temperature on the absorption
process depends on the combined contribution of these parameters.

Table8. Fluid Properties at T = 8C

Sr. Property Value

1. Viscosity 0 ¢3i X8tg pm

2. Diffusivity of CO; a 7i o® ¢ pTI

3. | He n rCpristant & £ K0 0 & PR T

4, Surface Tension0 A B X wy

Table8 shows the important parameters that are consideréokeinterfacial mass transfer
atT = 50°C. The change in viscositdiffusivity and surface tensiare adopted from the published
literature[43] [47]. Notethatthereisasi gni fi cant change in the sol
changes from 344 ¢ %0 0 &o 18.24 4 € Kid O §48]. The concentration contours for high
temperature conditions with and without the presence of an enBiged40 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 reducton@ C concentration at t
adversely affected he CO a&br ¢he rcgsd beioghunder discussitme presence of
immobilized enzymes proves to be more effective due to the increased film velocity, greater
interface disturbances caused by reduced surf
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 gradient
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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Time:10.6 ms Time:81.9ms Time:160ms Time:317ms Time:478 ms  Time: 639 ms Time: 960 ms

]

Figure40. Concentration contour showingthe &Di st ri buti on wi tBin the
mmand T = 50C) at different times (without enzyme)
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Figure41 Concentration contour showingthe &Di st ri buti on wi thin the
mm and T = 58C) at different times (with enzyme)
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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 largescale applications. The alignment of both phasethésame flow direction
reducesthe chances of flow instabilities (for example: flooding), ensuring smooth operation.
Additionally, these systems maintain uniform temperature/concentration geadiengy the
reactor length. However, the uniform gradients limit the overall transfer efficiency of the systems.
In contrast, countecurrent flow systems enhee the driving force along the reactor length. The
opposing flow directions lead to complexity in design and smooth operatiesesystems are
more prone to instabilities such as turbulence caused by high relative velocities between the
phases. Overall, the choice betweercaaent and countezurrent configurations depends on the
specific requirements of the application, includefticiency needs, operational complexity, and
energy considerations.

Figure 45 shows the temporal evolution of absorption rates and the mass transfer
coefficients for the caurrent flow systemsThe average velocity for the @urrent system is
measureds0.0206 m/s, with slightly lower average absorption rates and mass transfer coefficients
compared to the base case. Over time, the difference in absorption efficiency betwaaemo
and countecurrent flow systems is expected to become more pronoufaeding the counter
current configuration. Il nt er e sctriem fiolv gystemtihr e CO
marginally higher, while the mass transfer coefficient is slightly lowenwelenparing cases with
and without the presence of an enzyme. This disparity arises because the driving force is higher in
thewith-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 hyadraaycs).
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Figure43. Concentration contour showingthe &Di st ri buti on wi thin the
mm andco-current flow at different times (without enzyme)
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Figure44. Concentration contour showingthe &®i st ri buti on wi thin the
mm and cecurrent flow) at different times (with enzyme)
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Figure45. Temporal evolution of (a) volume averaged film velocity, (b) film volume, (c
concentration gradient, (d) absorption rate, (e) average bulk concentration and (f) mass
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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 rum filith

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

Time:10.9ms Time:86.9ms Time:171ms  Time: 299 ms Time: 405 ms Time: 510 ms Time: 732 ms

i

Figure46. Concentration contour showingthe &Di st ri buti on wi thin the
mm andhigh film velocity) at different times (without enzyme)
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Figure47. Concentration contour showingthe &®i st ri buti on within the
mm and high film velocity) at different times (with enzyme)
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