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ABSTRACT

Numerical Investigation of Hydrodynamics and Mass
Transfer in Structured Packing

Volkan TOPALOGLU

Department of Mechanical Engineering

Master of Science Thesis

Supervisor: Prof. Dr. Hakan DEMIR

Structured packings are central to post-combustion CO, capture, yet their
microscale hydrodynamics and reactive transport remain difficult to resolve
experimentally; high-fidelity computational fluid dynamics (CFD) offers a route to
interrogate these scales directly. We develop a representative elementary unit (REU)
of Sulzer Mellapak 500.Y and evaluate it in two consecutive parts: hydrodynamics
and reactive absorption. In the hydrodynamics part, a single-phase CFD campaign
performs a parametric pressure-drop calibration to identify an optimum face-to-face
sheet spacing and the required number of stacked REUs. Building on prior analyses
of liquid holdup, interfacial area, and static/dynamic wall contact angles, we
extend the model to a transient Volume of Fluid (VOF) formulation to resolve
film evolution and quantify the wet pressure drop alongside the aforementioned
hydrodynamic variables. In the reactive absorption part, CO, capture with an
MEA (Monoethanolamine) solvent is CFD investigated. Whereas earlier studies
often inferred overall mass-transfer coefficients via tracer-based approaches, we
demonstrate a fully coupled transient VOF model that embeds gas-liquid mass
transfer, liquid-phase reaction kinetics and thermodynamic equilibria to predict the
overall mass-transfer coefficient. Simulation outputs for pressure drop, holdup,
interfacial area, and overall mass-transfer performance are compared with literature
data and exhibit consistent trends and magnitudes. The proposed REU-based
framework links packing geometry to hydrodynamic and reactive performance
in a physics-resolved manner, providing actionable guidance for packing design,

screening, and scale-up.
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OZET

Yapilandirilmis dolgu malzemelerinde hidrodinamik
ve kiitle transferinin sayisal olarak incelenmesi

Volkan TOPALOGLU

Makine Miihendisligi Anabilim Dali
Yiiksek Lisans Tezi

Danmigman: Prof. Dr. Hakan DEMIR

Yapilandirilmig dolgular, baca gazi sonras1 CO, yakalama siireclerinde merkezi
bir rol oynamaktadir; ancak mikroskobik olgekteki hidrodinamikleri ve reaktif
tasimim1 deneysel olarak ¢oziimlemek giictiir.  Yiiksek dogruluklu hesaplamali
akigkanlar dinamigi (HAD), bu olcekleri dogrudan incelemek ic¢in bir yol
sunmaktadir. Bu calismada Sulzer Mellapak 500.Y icin bir temsili elemanter birim
(TEB, Ing. Representative Elementary Unit, REU) gelistirilmis ve iki ardisik
boliimde degerlendirilmistir: hidrodinamik ve reaktif absorpsiyon. Hidrodinamik
boliimiinde, tek fazli bir CFD c¢alismas1 yiiriitiillerek parametre bazli basing
diisimii kalibrasyonu yapilmis, optimum levha aralig1 ve gerekli sayida iist iiste
dizilmis REU sayisi belirlenmigtir. Daha Onceki sivi tutma, ara yiizey alani
ve statik/dinamik duvar temas acilar1 analizlerine dayanarak model, akigkan
film gelisimini ¢Oziimleyen ve s6z konusu hidrodinamik degiskenlerle birlikte
1slak basing¢ diisiimiinii nicel olarak hesaplayan zamana bagl bir VOF (Volume
of Fluid) formiilasyonuna genigletilmistir. Reaktif absorpsiyon boliimiinde ise,
MEA (Monoetanolamin) ¢oziiciisii ile CO, yakalamasi incelenmistir. Onceki
caligmalar genel kiitle transfer katsayisini cogunlukla iz siiriicii tabanli yontemlerle
dolayli yoldan elde ederken, burada gaz-sivi kiitle transferini, sivi faz reaksiyon
kinetiklerini ve termodinamik dengeleri iceren, birbirine bagli denklemler ile
birlikte zamana bagli bir VOF modeliyle tahmin gerceklestirilmistir. Basing
diisimii, sivi tutma, ara ylizey alant ve genel Kkiitle transfer performansi
ciktilart literatiir verileriyle karsilagtirllmig ve uyumlu egilimler ve biiyiikliikler

gozlemlenmistir. Onerilen TEB tabanli gerceve, dolgu geometrisini hidrodinamik

xxiii



ve reaktif performansa fiziksel olarak ¢oziimlemeye dayali fakat hesaplamali olarak
uygulanabilir bir bicimde baglamakta, dolgu tasarimi, taramasi ve dlcek biiylitme

icin uygulanabilir yol gosterici bilgiler sunmaktadir.

Anahtar Kelimeler: Hesaplamali Akigkanlar Dinamigi, Yapilandirilmig Dolgu,
Sivi Tutulumu, Ara Yiizey Alani, Basing Diisiimii, Reaktif Absorpsiyon, Kiitle

Transferi
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INTRODUCTION

1.1 Background and Motivation

Distillation is recognized as the most energy-intensive separation process in the
production industries, consuming approximately 40% of the total operational
energy input [3]. Moreover, research highlights that this significant demand
corresponds to nearly 3% of global energy consumption [4]. Today, the
performance of distillation column still dominated by the design structural
packings. Thus, the capital/operating costs for distillation columns are still
dominated by,

* pressure drop that drives blower and compressor power,
* gas-liquid contact for higher gas-liquid mass transfer rate,

* increased column height due higher performance requirement.

With relatively lower capital investment risk, amine-based post-combustion CO,
capture has emerged as a promising technology, since it can be retrofitted to existing
flue gas stacks. In such absorption columns, the contact between the flue gas
and the amine solvent is provided by internals designed to maximize interfacial
area and minimize pressure drop. Among different type of internals, structured
packings—corrugated metal, ceramic, or plastic sheets arranged in a periodic
pattern—have been widely adopted at commercial scale. Their geometry offers
a high gas-liquid interfacial area while maintaining a low pressure drop, making

them especially well-suited for absorption applications.

However, developing novel structured packing designs still remains challenging
because performance data from published experimental studies are often hard to
extrapolate to new configurations and designs. Lately, high-performance computing

(HPC) resources becoming more and more accessible to the researchers. Therefore,



Computational Fluid Dynamics (CFD) studies creates new opportunities to develop
the next generation of high-performance structured packings by leveraging HPC

infrastructures.

Recently, CFD studies on this topic have attracted attention as shown in the Fig.[I.]]
since the publication of the study keywords as "CFD" and "Structured Packing" in

the Scopus database.
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140 4 Other Countries
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120 A
0,
100 - 9% o469
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Figure 1.1 Publications about "CFD" & "Structured Packing" keywords per year
with pie chart showing the country-wise distribution

(51

Although the number of publications is increasing year by year, numerical studies
have focused on mostly single-phase flow, simplified two-dimensional models, or
have neglected mass transfer models and chemical reactions. Given the industrial
relevance of CO, capture and the geometric complexity of modern packings,
developing such a CFD-based simulation framework remains a critical research.
Consequently, the literature still lacks reliable two-phase CFD simulations that
couple hydrodynamics with reactive absorption. This study addresses that gap by
providing a comprehensive CFD-based investigation of hydrodynamics and reactive

mass transfer under realistic absorption conditions.

1.2 Internal Configurations in Separation Columns

Separation columns are essential process unit in many chemical processes. It

relies on internal components such as packings and trays to enhance mass transfer
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between gas-liquid [6H8]. A representative figure has been demonstrated in the
Figure [I.2] The distillation or absorption is achieved through repeated gas—liquid
contact across internal structures that enhance mass transfer. As shown in the Figure
[[.2] the liquid phase flows downward, while the gas phase rises countercurrently
within the column. The liquid-gas contact requires better contact to increase mass
transfer between phases. To achieve this, different types of column internals have

been used in the process industry.

Phase Flow
Direction

L. d 4 '.""‘
1qui 1 l'§ ;
Gas T

Figure 1.2 Internals of the column: (a) mist eliminator, (b) liquid distributor, (c)
random packings, (d) structural packings, and (e) trays IEI]

To illustrate this, a mist eliminator (Figure[I.2jp), used to eliminate liquid droplets
leaving the column in the gas (or vapor) stream. Liquid distributors are used to
distribute the liquid over the stage below (Figure[I.2b). Mist eliminators and liquid
distributors generally have negligible efficiencies in the separation processes. To
enhance mass transfer three main types of internals are used as follows,



* Random packings: These are mass transfer elements that are randomly
poured into the section of the column, allowing for vapor-liquid contact in

a non-structured manner (Figure [I.2).

* Structured packings: Representing the primary focus of this study,
structured packings typically offer higher mass transfer efficiency compared

to both trays and random packings due to their organized geometry

(Figure [1.2[d).

* Trays: In trays, the rising gas passes through perforations in the tray (holes
or special designed valves) and interacts with the liquid phase. The liquid

flows across the tray and descends through downcomers to the tray below

(Figure [I.2p).

1.3 Research Problem and Hypothesis

Structured packings require higher number of cells to be computed in numerical
modeling due to its complex geometry. With the help of its organized structure
of structural packings, Representative Elementary Unit (REU) approach could be
used to tackle computational limits [I0H15]. In this study REU-based approach
is employed to simulate both single-phase gas flow and two-phase liquid-gas flow.
The two-phase liquid-gas flow is extended with a mass transfer model to observe

how accurate the selected model.

Two different modeling strategies were adopted to serve different validation and
prediction goals, as shown in Figure [I.3] and Figure [[.4, In the Figure [I.3]
six-periodic REU’s is employed to calibrate the model, dimensions and turbulence

settings

6 REUs 6 REUs-Periodic

=

AN
N

Figure 1.3 6-REU model used for single-phase dry-gas pressure-drop calibration.



Moreover, in the Figure [[.4 single-periodic REU is employed to conduct the
two-phase liquid-gas flow. This system is extended with mass transfer model for

capturing COs.

Single Single-Periodic

2

Figure 1.4 Single REU used for reactive two-phase hydrodynamics and mass
transfer modeling.

In other words, these two approaches enable the separation of numerical challenges.
While the six-REU model is used to match experimental pressure-drop data [2,
16]], the single REU cell is used to perform high-resolution two-phase simulations

including hydrodynamics [10], interfacial mass transfer and reactions.

Problem Statement: Once calibrated in a six-REU dry-gas configuration, could
a CFD model based on a single REU geometry be reliably extended to simulate
hydrodynamics, wet pressure drop, interface area, and reactive mass transfer in

structured packings? Thus, following points are the problem statement of this study:

* What are the accuracy range of REU-based modeling for predicting dry-wet

AP, liquid holdup, K¢ X a., interfacial area in structured packing?

* How do phase-interface tracking and static/dynamic contact angle modeling

impact the interfacial area?

* How accurate CFD-based single-REU reactive absorption rate compared with

literature based experimental study by incorporating mass transfer models?



Hypothesis: If turbulence model carefully tuned in a calibrated dry-gas simulation

in six-REU’s, then a high-resolution single REU model can predict:

(a) the dry-gas pressure-drop behavior [2,|16],

(b) two-phase hydrodynamic conditions varying gas/liquid flow rates such as:

liquid holdup, wet pressure drop and phase interfacial area [2, 15,17, 18].

(b) the overall CO5 mass transfer performance [[19-21].

1.4 Objectives and Scope

Below in the Table [I.1] objective of the research is given including the success

metrics and motivation:

Table 1.1 Research objectives

# Objective Motivation & Metrics

O1 Calibrate dry pressure drop The validated dry pressure drop model could
in a CFD framework for be a ground for two phase hydrodynamics
single-phase gas flow using and reactive absorption study. Validation
Sulzer  Mellapak  500.Y. criterion: predicted AP/m within +20% of
structural packing model. experimental data.

02  Quantify liquid hold-up, wet These hydrodynamic parameters govern
pressure drop, and interfacial mass transfer efficiency. Compare CFD
area under counter-current results with reliable literature correlations
and varying gas-liquid flow.  and experiments for h;,, AP/m and a; =

f(G,L,0).

O3 Integrate an MEA-CO, Solving hydrodynamics with mass transfer in

absorption model into the
CFD and evaluate overall
mass transfer rates.

CFD study would enable close observation
to local mass transfer effects in Structural
Packing.  Validation: incorporate mass
transfer correlation with Kga,. experimental
study and/or pilot-plant data.

Table [1.2] provides understanding approach to the study and the scope of the thesis

and the out of scope points,



Table 1.2 Scope and assumptions

Aspect

In Scope

Assumptions & Out of Scope

Packing Geom-
etry

Flow Regime

Physical Mod-
els

Validation
Data

Scale Bridging

Sulzer Mellapak 500 Y;
periodic REU’s.

Counter-current air/water at
25 °C or air/CO,—MEA at 36
°C, 1 atm; gas F-factor 0.3
— 4.5 Pa®?; liquid load 3.8 —
750 m®*m—2h~1.

SST k — w for turbulence
model; VOF for interface
capturing; pseudo-first-order
CO, absorption kinetics.

Experimental studies and
correlations used from
literature.

REU geometry.

Other type of structured
or random packings; sheet
surface embossing (modelled
as smooth with equivalent
contact-angle).

Foaming, flooding and other
type of solvents.

LES/DNS; degradation
chemistry of MEA; inert-gas
solubility.

Lab/pilot experimental
studies conducted for this
study.

Full-scale column study.

1.5 Organization of the Thesis

Chapter 2 — Literature Review: Experimental and modeling studies on structured
packings, CFD methodologies for single-phase flow, two-phase flow, and reactive
CO,, absorption and other type of studies on separation processes.

Chapter 3 — Theoretical Background: General knowledge of equations which are
used for hydrodynamics and reactive absorption.

Chapter 4 — Computational Methodology: Geometry, mesh, governing equations,
turbulence models, boundary conditions, and phase-interface discussed. Further,
determination of property modeling explained. @ The developed framework
(methodology) and UDF implementation for Reactive Absorption was also
discussed in this chapter.
Chapter 5 - Results

Model calibration by validating single phase pressure drop.

& Discussion:  Parametric results of the work:
Literature
comparison/validation with two-phase hydrodynamics and reactive absorption.

Chapter 6 — Conclusions: Key findings, outlook, contribution to the literature,

limitations and recommendations for future research.
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LITERATURE SURVEY

2.1 Hydrodynamics

2.1.1 Experimental

As reported in [2[],the liquid hold-up in three metal-sheet structured
packings—Mellapak 250.X, 250.Y, and 500.Y—using an air/water system in
a l-meter diameter column and a y-ray absorption technique that captures total
holdup. They mapped holdup across wide liquid loads (5-200 m*m~2h~') and gas
loads (expressed as the F-factor) and showed that, below the loading point, holdup
remains almost constant with gas velocity, but rises sharply when gas—liquid
interaction increases. This phenomena generally explained as a regime, namely
"flooding". They reported the liquid hold-up in Mellapak structured packings was
measured as a function of gas load and liquid load in their work. As illustrated in
Figure[2.1] the structured packing layers are arranged in a cross-channel pattern that
enhances liquid redistribution between packing sheets. Below the loading point, the
holdup profile remains stable, while above it, liquid accumulation increases sharply
at the layer intersections, indicating the onset of the flooding regime. Analysis at
zero gas flow revealed two liquid-load regimes (< 40 and > 40m®>m~2h~') with
exponents 0.37 and 0.59, respectively; incorporating packing surface area (ag'83)
and viscosity (u%%) led to a correlation predicting holdup within +£10% for all
Mellapak structural packing types [2]. Since the study investigated the holdup
for Mellapak 500.Y as a function of the F-factor at several liquid loads, therefore
the study is found to be a good candidate as robust experimental baseline. Thus
their study is used as an experimental baseline for the current study. Following
correlation as reported in [2]] predicts the liquid holdup A as a function of the
packing-specific surface area a,, the liquid load L, and the viscosity ratio pur, /i, o,
using empirically determined exponents and coefficient c. for L > 40, x = 0.59
and ¢ = 0.0075; L < 40; z = 0.37, ¢ = 0.0169.

083z [ ML 022
hL = CCLp [ m (21)



Holdup profiles

Packing é&\\\\\\ S
Layers %//////
DI
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Figure 2.1 Schematic packing layers and holdup profiles below and above the
loading point (Adapted from [2[])

Experimental investigation was conducted for Montz-pak B1-250 corrugated-sheet
structured packing using an air-water system at ambient conditions to the columns
of 0.192 m, 0.45 m, 0.8 m, and 1.4 m internal diameter in order to experiment
how the column size affects pressure drop and capacity. The packing consisted of
non-perforated metal sheets at a 45° angle and was equipped with wall-wiper rings
and narrow pit liquid distributors. Measurements of dry and wet pressure drop
versus F-factor were measured to the flooding point by using calibrated flowmeters
along with a U-tube manometer. It was observed that pressure drop increases
and capacity decreases become significant as column diameter approaches packing
element height, with the diameter effect pronounced below about 1 m and stronger
under wet conditions, implying that scale-up from small-diameter data can lead
to overestimation of pressure drop and oversizing of industrial columns. The
Delft Overall Performance Model, which partitions pressure losses into gas—liquid,
gas—gas, and direction-change components, captured the diameter effect reasonably

well but failed to predict the shift in loading point. [22]

Olujic reported that they developed a geometry-based model for corrugated-sheet
structured packings that predicts liquid hold-up, hy, simply as the product of
packing surface area, a, and mean film thickness, d, which is estimated via
a Nusselt-type falling-film expression adapted to the corrugation angle [23]].
They confirm experimentally that in the preloading regime, hold-up is essentially
independent of gas load and correlates well with liquid load through so that

increasing L yields thicker films and leading to a larger /.
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Billet-Schultes [1] correlations are validated for countercurrent gas—liquid columns
with both random (dumped) and structured (arranged) packings across >3,500 data
points, >50 systems, and >70 packing types. Their correlations are applicable over
gas capacity factors Fg = ug,/pc spanning 0.003-5.09 Pal/? and liquid loads L
spanning 0.256-144 m3m~2h~!. As reported by [1]], the liquid holdup correlation

was given as follows:

ap =250 m*/m* O}, = 0.554 (For Mellapak 250.Y.) (2.3)
12 2\ 1/3
By = (M) 2.4)
gpL
2
Rey — — XYL~ o YLOP Gh (2.5)
ap L other g ap
an _ ) Ch RelP 910 Rep < 5, 26
ap CO®HReYP FY1 Rep > 5,
an 2/3
hy, = hin (-) (2.7)
ap

According to [24], X-ray computed tomography (CT) was used to generate a
digital replica of half-elements of plastic Sulzer Mellapak 250.Y structured packing
(perforated, wiper-banded, surface-enhanced; a, = 250 m? / m?3). Adaptive
polyhedral meshing was applied to create CFD-ready models in STAR-CCM+ on
a 544-core HPC system employing a two-layer realizable k—c turbulence model.
Simulations covered F-factors between 0.61 and 3.36 m/s - (kg/m?*)'/2, mirroring
randomized, triplicate single-phase nitrogen experiments for pressure-drop
validation. On average, nitrogen CFD under-predicted experimental data by ~ 7%,
whereas water simulations at equivalent Reynolds numbers under-predicted by
~ 40%, discrepancies attributed to geometry deviations introduced during sample

preparation [24]].

As reported in [25], a CFD study was conducted to characterize the hydraulic
performance of structured packing under both single-phase and gas-liquid flow
conditions. The Mellapak 250.Y geometry was reconstructed via X-ray CT and
meshed with prism layers to resolve near-wall effects. Single-phase nitrogen

flow through a three-element bed was validated against experimental pressure-drop

10



data, with deviations below 15% and reduced to ~ 7% when prism layers were
employed [25]. Subsequently, periodic REUs of the packing featuring variations in
channel corrugation angle, opening angle, and side length, were simulated across
a range of F-factors. Multiphase flow was modeled using the Volume-of-Fluid
(VOF) approach for both small-scale REUs and the CT-derived geometry. Transient
simulations initialized with a uniform liquid film and tracked liquid holdup, wetted
area, and irrigated pressure drop under varying liquid density, viscosity, surface

tension, and static contact angle.

Figure2.2illustrates the effect of prism layer count on liquid holdup and wetted area
(Adapted from [25]]). The upper plot shows that liquid holdup increases with liquid
load across 10, 15, and 20 prism-layer meshes, while the lower plot indicates that
the fractional wetted area correlates positively with holdup, approaching complete

wetting at higher liquid loads.

As illustrated in Fig. the effect of contact angle on liquid spreading and film
distribution was investigated (Adapted from [25]). For a perfectly wetting surface
(Bwar = 0°), the liquid film uniformly coats the structured surface, resulting in a
high fractional wetted area (a; = 0.80) and moderate holdup (h, = 6.6%) at a
liquid load of 46 m®/m?-hr. Increasing the contact angle to 30° reduces surface
adhesion, leading to thinner liquid films and a decrease in wetted area (ay = 0.48),
while maintaining similar holdup levels. At a hydrophobic condition of 75°, liquid
pathways become more discontinuous and channelized, corresponding to a further
reduction in ay to 0.27 despite higher liquid load (L = 94 m?®/m?-hr). These
results indicate that increasing contact angle significantly impedes film spreading
and surface wetting, making 6,,,; a dominant parameter in predicting wetted-area

behavior.

In transient simulations, Basden reported [25]] that the contact angle proved to be
the dominant factor governing wetted area prediction, while irrigated pressure drop

and holdup were substantially over-predicted throughout the study.

Rocha et al. developed a mechanistic hydraulic model for distillation columns
packed with corrugated sheet structured packings, treating each flow channel as
a wetted-wall column and defined effective gas and liquid velocities and gravity to
couple liquid holdup, pressure drop, and flooding in a unified framework. Static
and operating holdup are predicted via modified falling-film correlations, and
irrigated and dry pressure drops are linked through a channel-based friction-factor
approach. The model was validated against extensive air-water data (gas velocities
0.0068-4.367 m/s) on packings such as Flexipac, Gempak, Sulzer BX, and etc.,

11
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Figure 2.2 Liquid holdup (%) and wetted area as function of the number of prism

layers [25].

and further tested in cyclohexane/n-heptane distillations at 0.33-4.14 bar with a

good agreement. [26]

The effective interfacial area ayy, is predicted according to the correlation proposed
by Billet and Schultes [27], which relates it to the geometric surface area a of the
packing. For absorption and desorption processes under neutral or positive wetting

conditions, the ratio was given:

% = Oy, (apdn)*Rel/* 8¢, '/? (2.8)
D
41—
dy, = M (2.9)
ap
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Figure 2.3 Effect of contact angle (0,,4;;) on liquid film distribution (Adapted from

[25])

0.116
a. = 1342 g ()], (2.10)

In [16]], the effective mass-transfer area of nine commercial structured packings
(M250.Y, M500.Y, M250.X, MP252.Y, M250.YS, M125.Y, M2.Y, F1.Y, and P500)
was determined by chemical absorption of CO, from ambient air into 0.1 mol L™*
NaOH in a 0.427m ID packed column. Prior to packing tests, CO,—NaOH
reaction kinetics were measured in a wetted-wall column to decouple mass-transfer
coefficients. In the packed-column studies, liquid load was varied from 2.5 to
75m®>m~2h™!, superficial gas velocity was ranging from 0.6 to 2.3 ms™!, liquid
viscosity from 1 to 15 mPas (utilizing POLYOX WSR N750), and surface tension
from 72 to 30mNm~! (utilizing TERGITOL NP-7). Following the Fig. a,
the photograph illustrates the experimental absorption column used, while the

schematic[2.4}b depicts the overall process configuration of the absorption system.

Furthermore, they observed that the fractional area increased by approximately
10% when the surface tension was reduced. A global correlation for the fractional
area, a./a,, as a function of (Wep,)(Frz)~'/3 (incorporating liquid density, surface
tension, gravity, and flow rate per wetted perimeter) represents the entire database
within +13%.

In Figure several literature correlations for the fractional wetted area (a./a,)

are compared as a function of liquid load under identical model conditions

13
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Figure 2.4 Experimental absorption column used and overall process configuration
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(pr, pL, o), together with his own correlation and corresponding experimental data,

which provide an intermediate prediction between the existing models [16].
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by [[16] with respect to the liquid load [16} 26-29].

Tsai summarized the packed bed type hydraulics model of Stichlmair et al.[30]

to predict irrigated pressure drop in packed columns. For Mellapak 500.Y, Tsai
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reported the packing specific constants as C'; = 12.14, C5 = —0.30, and C5 = 0.49
[16]. The dry pressure drop per unit packed height is [[16]:

APy, 1—c¢ u2
= f0< 5 ) pfl G @.11)
P
O Cy
fo= oc * =t O (2.12)

The wet to dry pressure drop ratio is correlated with the total liquid holdup A, |16,
30]:

1—¢ (1 - hL) 3
B _ 2 AR (2.13)
APy 1—¢ € ’ '
with [[16]]:
Ch Cy
o 9 Reb5
¢ — MG ; e (2.14)
0
Below loading, the holdup is [[16]:
1/3 U%a
ho = 0.555 Ni.",  Np, = 96455, (2.15)
and above loading it is coupled to pressure drop [[16]]:
Avaet 2
hyp =ho |14 20 719 . (2.16)

Equations (2.13) and (2.16) are solved by iteration until A P, converges; the result
is reported as A Py /Z.

Brito et al. determined the effective interfacial area a. of structured packings
(e.g., Mellapak 125.Y/250.Y/500.Y) using a reactive absorption method with the
fast pseudo—first-order system CO; + NaOH in a pilot column (inner diameter
~ 295 mm, packed height &~ 420 mm, liquid distributor density = 527 orifices/m?).

They correlated a. to the specific geometric area a, with the liquid Reynolds

number:
Qe 0.465 Rey % 2.17)
Qp
d
Rey, — 2L4E (2.18)
1228
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Their experimental results showed that with the help of the wave formation, rivulets,

and droplet entrainment, the measured a. can exceed a,, under certain hydrodynamic

conditions.

As reported in [18], they employed high-resolution X-ray computed tomography
to capture 3D images at 31 equal distance heights in columns packed with
structured packings (Mellapak 500.Y and Raschig SuperPak350Y, each with
various surface modifications) and random packings (Raflux rings, RMSR, and
Raschig Super-Rings). In[2.6] a 3D view of the Mellapak 500.Y structured packing
with the water/air system at a liquid load of 28 m® m~2 h~! without counter-current
air flow was shown [[18]].

—

Figure 2.6 3D view of Mellapak 500.Y (30 mm); water/air, 28 m*m—2h~!;
packing (gray), liquid (red-orange)[[18].

Experiments conduct liquid loads from 2 to 70 m®* m 2 h~! and gas loads (F-factor)
up to 2Pa’®, using water/air, isopropanol, and dichlorobenzene at a constant
20°C. The results reveal pronounced axial and radial variations in holdup,
quantify partial wetting of packing surfaces, demonstrate non-uniform liquid-film
thickness with rivulet-dominated flow, and isolate mass-transfer areas that diverge
from literature-based predictive models. The Figure [2.7] shows liquid holdup
profiles along the height of a Mellapak 500.Y under different liquid loads (B =
7, 21, 42 m3m~2 h™!). The holdup increases with liquid load and exhibits local
maxima near the junctions of the packing elements, where liquid accumulation

occurs.

Wehrli employed X-ray computed tomography (CT) to investigate liquid
distribution, holdup, and specific interfacial area in Mellapak 500.Y and 250.Y
structured packings. Three-dimensional datasets obtained via 2D and helical 3D

scans in columns of 100 mm and 200 mm inner diameters, using water and
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Figure 2.7 Holdup values along the packing height with the water/air system
without counter-current gas flow (Adapted from [18]).

isopropanol, demonstrated that experimental studies from the smaller column
could be transferred to the larger columns. Average holdup values agreed well
across both diameters, while geometric scaling based solely on line load failed;
the lower-specific-area 250.Y packing exhibited higher holdup and interfacial
area at the same line load, indicating superior wetting characteristics. Flow
morphology images revealed that liquid in 500.Y formed rivulets and bridges within
narrow channels, whereas 250.Y achieved a more uniform film coverage. These
results highlight the critical influence of packing geometry on flow dynamics and

underscore the limitations of simple similarity relations|17].

In Figure[2.8] they illustrated the liquid distribution patterns within Mellapak 500.Y
and 250.Y packings at half height of the fourth element under a liquid load
of L = 20 m*®/m?h and no gas flow. The images reveal that holdup is
predominantly concentrated along the contact lines between adjacent corrugations,
with more pronounced accumulations occurring at the intersection points of the
sheets. Comparison between water and isopropanol demonstrates that the latter,
due to its lower surface tension, promotes thinner films and more extensive rivulet

formation. The localized regions of intensified holdup, indicated in the magnified
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view, correspond to liquid films, rivulets, and bridges that form preferentially at the

sheet junctions [17].
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Figure 2.8 Representative CT images of packing element for B = 20 m?/m?h and
F, = 0. (a,b) Mellapak 500.Y with water and isopropanol, respectively;
(c,d) Mellapak 250.Y with water and isopropanol. (e) Examples of liquid films (1),
rivulets (2), and bridges (3) are highlighted. [17]

2.1.2 Numerical

Isoz carried out the study to assess the performance of the structural packing. In the
study, Sulzer’s Mellapak 250.X, 250.Y, 350.Y and 500.Y. structural packings were
used. He, N2 and SF6 chemicals were used as service for gases. It was studied in a
broad gas flow range (Re: 100-10,000) [31]. The relationship between dry pressure

loss and gas flow was examined. These can be listed as follows:

* inclination of the packing channels to the horizontal plane,
* specific area of the packing,

* perforation density of the packing.

In their study, geometry was generated in Blender and simulations were conducted
in OpenFOAM using the steady-state RANS equations with SST k£ — w turbulence
model. The study revealed that one packing element is generally sufficient to predict
the dry pressure drop across a column, as inter-element transition effects were
minor. In the study, unstructured hexahedral meshes with local refinement down
to 2 mm near walls was used. Experimental validation used ethanol manometry and
calibrated orifices in a 150 mm i.d. column, measuring AP, for He, Ny, and SF;
over Reynolds numbers (Re) of 102~10%. The model automates geometry creation
and meshing, enabling rapid parametric studies of channel angle (a.y,), specific area

density (a¢), and perforation spacing (ay,) [31].

18



The illustration (Fig. [2.9) reveals cellular vortices that repeat along the main flow
direction inside corrugated structured packing. Streamlines colored by speed and

pressure colored slices expose the spatial organization of these vortical cells [31].

main flow
direction

Figure 2.9 Three dimensional flow in a corrugated packing channel with
streamlines colored by velocity and cross sections colored by pressure. Adapted

from

In Ambekar et al’s study, the authors performed structure-resolved two-phase
simulations of gas-liquid flow through periodic REUs of Sulzer Mellapak 250
structured packing using the Volume-of-Fluid (VOF) method in OpenFOAM
v6. They created detailed computational domains both with and without 4 mm
perforations on corrugated sheets (base 26.7 mm, height 12 mm, corrugation angle
45°), meshing each with 1.8-3.7 million cells (refined around perforations) to
ensure grid independence. Simulations covered inclination angles S = 45° and
90°, liquid loads u;, = 31, 62, 110m3m?h, and static contact angles 6.1 =
30°, 50°, 70°. Their results show that perforations promote flow separation and
droplet formation, increasing liquid holdup, interfacial area, and wetted area across
all conditions. Lower 6, or higher liquid viscosity transitions flow from droplets

toward a full-film regime, enhancing connectivity and wetted coverage [/11]].

Their study showed that explicitly modeling sheet perforations increases
wetting prediction and yields higher liquid holdup and normalized interfacial area
for all examined contact angles, as seen in Fig. 2.10] Accounting for perforations

therefore improves the realism of the CFD predictions.

Ataki and Bart investigated the three-dimensional wetting behavior of a single
element of Rombopak 4M structured packing by integrating experimental dye-flow
visualization and CFD simulations. Experimentally, they observed liquid rivulet

formation and bridging on a multi-element sheet under superficial liquid loads of
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Figure 2.10 Effect of sheet perforations on transient liquid holdup (a) and
normalized interfacial area (b) for static contact angles 30°, 50°, and 70° (Adapted
from [11])).
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12.8-51.2 m3/m?h (20.9-83.6 mL/min per plate). Numerically, they generated the
geometry in GAMBIT and performed transient VOF simulations in FLUENT (6.2)
using the continuum surface force model for surface tension, constant static contact
angles, laminar flow, and a segregated solver with time steps of 1 x 107°-5x 10~° s,
first-order upwind and body-force weighted schemes. Mesh independence was
ensured across grids ranging from 35,330 to 268,112 hexahedral cells to accurately
resolve thin liquid films and rivulet profiles. The CFD results closely matched
the experimental wetting patterns, demonstrating that higher viscosity and lower
contact angles increase wetting degree, interfacial area, and liquid holdup. From the
simulations, they derived empirical correlation which is given as following equation
(121,

T 1279 Fr0 04 Wel 248 ReQ-0266 (cog 0, )07 (2.19)
ap

In Figure [2.11] experimental and CFD views of rivulet flow on structured packing

are contrasted at 53.8 and 41.8 mL/min, with Figure 2.T1}b providing a close up of

Figure 2.TT}a [12].

Bertling et al. employed high-resolution CFD simulations using the VOF method to
investigate gravity-induced liquid flow and tracer transport in two types of Mellapak
structured packings (250 m?/m? and 500 m?/m?). The computational domain
consisted of seven REUs between adjacent corrugated sheets (22.2 cm tall for 250Y
and 11.1 cm for 500.Y), with periodic side boundaries, a 1 mm pre-wetted inlet
film profile defined via user-defined functions, and an outlet at 1 bar. A one-field

formulation solved the incompressible continuity and momentum equations with a
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¢)

Figure 2.11 Rivulet flow on structured packing : (a) 53.8 mL/min, (b) close up
of a, (¢) CFD at 41.8 mL/min.

continuum surface force model for surface tension, while phase distribution was
tracked by VOF and interfacial microstructure effects captured through effective
static contact angles on smooth surfaces and local contact angles at perforations. A
passive tracer scalar equation was added to determine residence time distributions
by convective transport, enabling direct comparison with high-resolution CT and

tomographic tracer measurements for validation. [32]]

Shojaee et al. conducted a CFD study on multiphase flow in structured packings
using the VOF method to evaluate the effective interfacial area and liquid
film behavior. Their CFD simulations revealed that both gas and liquid flow
rates significantly influence the effective area, with higher velocities enhancing
interfacial contact. The CFD results were validated against experimental data and
empirical models 29], showing good agreement. The study demonstrated the
capability of CFD to predict pressure drop and liquid film thickness, highlighting its

utility for understanding mass transfer phenomena in complex packing geometries.

[13]

Building on the computational framework of Singh et al., who simulated
countercurrent gas—liquid flow in a Sulzer Mellapak 250.Y Representative
Elementary Unit with the VOF method in STAR-CCM+ 33]], using periodic
lateral boundaries, a pressure outlet at the base, and static or Kistler model dynamic
contact angles to capture wetting, panels in the Figure [2.12p-d summarize the
transient wetting and interfacial area dynamics obtained for a three REU stack.
Their simulations covered liquid loads from 31 to 62m®*m=2h~! at a fixed gas
velocity of 1.0ms™, considered both a low viscosity solvent (0.10 M NaOH) and

a more viscous 40 wt% MEA solution, and achieved grid convergence at about
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3.2 x 10° cells; effective mass transfer areas computed via the Danckwerts method

agreed closely with experiments across the liquid load range.

In Figure an initially wetted configuration at L = 62m3®m~2h~! evolves
from a near continuous film to rivulets and drops that drain toward a quasi steady
coverage by t ~ 1-2s shown in Figure 2.12}a, whereas, in Figure 2.12}b shows
a snapshot at ¢ = 2.0s for an initially dry start at the same L) and dynamic
contact angle settings, highlighting the slower formation of connected pathways.
Figure [2.12}c compares the temporal evolution of the normalized interfacial area
a;nt(t) for wetted versus dry starts, with the inset repeating the comparison at
(04,0r,05) = (85°,60°,70°). Figure{2.12}d presents Aa;;(t) at two liquid loads,
indicating a slightly larger change at the lower liquid load (31 m3m~2h~!) for the
same dynamic contact angle settings [[10].
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Wet: 0 sec
1 N 05
© | @
1 0sf:
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L L
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Figure 2.12 Transient wetting of a three REU stack at L = 62m3m~2h~!: (a)
initially wetted evolution; (b) initially dry snapshot at t = 2.0 s; (¢) comparison of
a;nt(t) for wetted and dry starts; (d) Aa;,:(t) showing a slightly larger change at
lower liquid load for the same dynamic contact angle settings.

In the study [34] Flexipac 1Y structured packing, implemented four turbulence
closures-standard k—e, RNG k—e¢, k—w, and the baseline (BSL) k—w model with
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up to 7 million cells for hydrodynamics and 1 million for scalar transport.
The comparison of the dry pressure drop results were given in the Figure
2.13] Furthermore, they compared simulated dry and irrigated pressure drops,
mass-transfer efficiency (via HETP), and heat-transfer profiles against experimental
data. While both k—e variants systematically underpredicted pressure drops and
overestimated transfer resistances, the k—w and BSL formulations significantly
improved accuracy, with the £—w model yielding mean absolute relative errors of
16.9% (dry drop), 10.7% (irrigated), 8.1% (mass transfer), and 0.9% (heat transfer),

and was ultimately recommended for its robustness and superior predictive

capability.
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Figure 2.13 Irrigated pressure drop with respect to different Fi; along with (a)
ur, = 0.0033 m/s and (b) u;, = 0.0203 m/s (Adapted from [34])
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2.2 Reactive Absorption

2.2.1 Experimental
In the 1996, Rocha et al. [35]] introduced mass-transfer model based on a
two-resistance approach which is based on their 1985 model a Sherwood-type

gas-phase correlation as following:

Sh = Cy Rel" St (2.20)
0.8 0.33
kg5 _ 0 054 <<Uge +ULe) py S) (ﬂ) (2.21)
D, g Dg pg

Using the same effective velocities, a modified penetration model for the liquid
phase, and an effective interfacial area from the Shi-Mersmann relationship,
adjusted for surface enhancement and wettability, were employed [35]. The
model was benchmarked against a broad data bank—covering Flexipac-2, Gempak
2A/2AT, Intalox 2T, Maxpak, Sulzer BX, and Mellapak 250Y/350Y/500Y—in
distillation and absorption tests (cyclohexane/n-heptane at 0.02-4.14 bar;
i-butane/n-butane up to 20.4 bar) in columns 0.07-12 m in diameter, yielding strong

HETP predictions across most conditions [35]].

The influence of operating and design variables on CO, absorption performance
in columns equipped with four stainless-steel structured packings (Gempak 4A,
Mellapak 500Y, Mellapak 500X, and Optiflow) was investigated [19]. Pilot-scale
experiments were conducted in 0.1 m diameter columns packed to 0.98-2.21 m,
where counter-current gas—liquid contact occurred between air/CO2 mixtures and
either NaOH (1-2 kmol,m~?%) or MEA (3 kmol,m~?) solutions. Gas-phase CO2
profiles were measured along each column via an IR analyser and converted into
overall mass-transfer coefficients (/Kga.). By systematically varying liquid load
(3.8-29.3 m*,m~2,h™!), liquid CO, loading (0.25-0.50 mol,mol~'), temperature
(25-50 °C), packing-element rotation (0°, 45°, 90°), and distributor drip-point
density, the individual effects of each parameter on column efficiency were
identified. [[19]]

In their investigation of CO2 absorption using MEA solutions, Aroonwilas et al.
[19] reported that Kga. for Mellapak 500Y nearly doubled as the liquid load
increased from 3.8 to 22.9 m?,m—2,h~!, while a less pronounced response was
observed for Mellapak 500X and an even weaker one for Optiflow. These variations

were attributed to geometric differences such as corrugation angle and open area.
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Furthermore, higher CO2 loading in the solvent was found to severely hinder
mass-transfer performance; increasing the loading from 0.25 to 0.50 mol,mol™!
decreased Kga. by nearly 90%. Temperature was observed to have an asymptotic
influence, where heating the MEA solution from 25 °C to 36 °C improved reaction
kinetics and increased Kga., while a further rise to 45 °C caused an efficiency

reduction of about 10% owing to the lower equilibrium driving force.

Conventional 90° rotation of successive packing elements—even a relaxed 45°
rotation—smoothed lateral liquid spreading and sustained high uptake, whereas
aligning elements without rotation limited CO, absorption at the column top to
only 27% of the benchmark case. Variations in distributor drip-point density
produced only minor local differences, confirming the packings’ intrinsic ability
to redistribute liquid. Overall, the authors conclude that optimal CO,; column
design should prioritize adequate liquid irrigation, moderate solvent temperatures
and at least 45° cross-rotation of structured elements; among the candidates,
Mellapak 500Y offers the most favourable trade-off between throughput and

mass-transfer enhancement. [|19]

In the literature, several studies have systematically characterized and modeled
the effective mass-transfer area (a.) along with the individual liquid- and gas-film
coefficients (kr, k¢) for both structured and random packings employed in reactive
absorption processes. It has been consistently reported that a. rises predominantly
with liquid velocity and only weakly with gas velocity, exhibiting a sub-proportional
growth relative to the nominal specific surface area of the packing. Building on
these findings, Tsai et al. proposed a dimensionless framework that successfully
correlates a. across various packing geometries by emphasizing the influence of
liquid flow rate, density, and surface tension, while revealing limited sensitivity
to the gas flow rate. Furthermore, the study highlighted persistent deficiencies in
classical empirical a./k correlations and underlined the importance of mechanistic

models grounded in simultaneous measurements of a., k,, and kg [36].

In their dissertation, high-temperature (80-190°C) CO, solubility and amine
volatility for MEA, PZ, and blends, and builds empirical/rigorous models for
process design in Aspen Plus was measured. Reported heats of absorption
are typically 66-73kJmol! for representative MEA/PZ/MDEA blends over the
studied range, with limited temperature sensitivity. A new MEA model (“Model
B”) introduces the MEACOOH species, improving predictions of CO, solubility,
MEA volatility, and speciation relative to prior formulations. The model remains
predictive at rich loading and elevated temperature where additional species

materially affect pco, and AH . [37]]
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In their experimental study, Aboudheir et al. investigated CO, absorption into
monoethanolamine (MEA) using a laminar jet absorber over the temperature range
of 293-333 K, MEA concentrations between 3 and 9 M, and solvent loadings
up to approximately 0.49 mol CO,/mol MEA. The results indicated that only
the termolecular reaction mechanism could consistently reproduce the measured
kinetics at high CO, loadings. Based on this mechanism, temperature-dependent
rate constants for both amine- and water-catalyzed reactions (krnm,, km,0) were
determined, leading to a reversible overall rate law applicable for absorber
simulations. The proposed kinetic formulation successfully reconciles earlier
discrepancies in the literature and enables reliable prediction of the apparent rate
constant (k) across diverse datasets, providing a robust framework for modeling
concentrated, highly loaded MEA systems [38]].

A mechanistic framework was developed to integrate reaction Kkinetics,
thermodynamics, liquid irrigation behavior, and packing geometry, enabling
simultaneous prediction of gas- and liquid-side mass-transfer coefficients (kq, k1),
effective interfacial area (a.), and local species and temperature distributions within
structured packings. The model accurately reproduced pilot-scale absorption data
for reactive systems such as NaOH and MEA under varying gas and liquid loads,
CO, concentrations, temperatures, and inlet distribution patterns, using packings
representative of Gempak 4A and Mellapak 500Y/500X. The results demonstrated
that interfacial area formation and overall mass-transfer performance are governed
primarily by the quality of liquid distribution and the geometric configuration of the
packing, providing spatially resolved insight for the design and scale-up of reactive
CO, absorbers [39].

In wetted-wall measurements at 5 mol L' MEA, K values at 333 K were observed
to exceed those at 313 K across the loading range, and a systematic decline of Kq
with increasing CO; loading was recorded. As shown in Fig. comparatively
high K was sustained for o < 0.30, followed by a pronounced drop beyond
a =~ 0.45; independent data reported by Dugas and Rochelle at identical conditions
were found to coincide within experimental scatter. These observations highlight
the sensitivity of overall mass-transfer performance to loading and temperature in
MEA systems and can be used to inform absorber sizing and operating temperature
selection. [40]

An improved spray-tower configuration (diameter-varying, opposed dual-nozzle
impingement) is proposed to intensify CO, absorption with MEA. The measured
overall mass-transfer performance (K sa.) increases with liquid flow rate, MEA

concentration, and total gas flow, and decreases with inlet CO, fraction; a maximum
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Figure 2.14 K versus CO, loading for 5mol L~! MEA at 313 and 333 K [40]

of 0.4773 kmol m= h™' kPa™! is reported under tested conditions. The study frames
Kga, as a practical, lumped performance metric combining thermodynamics,

kinetics, and hydrodynamics for reactive absorption study. [20]

A fully-instrumented MEA post-combustion capture pilot with 0.125 mi.d. columns
packed with Sulzer Mellapak 250Y (4.2 m absorber, 2.52m stripper) processed
30-110kg/h flue gas to study parameter impacts on capture and regeneration
energy. The work establishes a detailed experimental baseline for MEA and a
framework for scale-up and solvent benchmarking. [41]] A 0.10 m i.d. glass absorber
with adjustable packed height (1.6-8.2m, Mellapak 250Y) treating ~10% CO,
synthetic gas validated a rate-based model; 80% recovery was achieved at 3.3 m
packing and 2.1 L/min solvent. Results map how height, liquid flow, and lean
loading shape capture efficiency and temperature bulges. [42] A mobile PDU at
Laziska (up to 200 m®/h) compared 30% MEA with 30/40% AEEA across standard,
multi-absorber-feed, and split-flow configurations. The best case achieved a reboiler
duty of 3.45MJ kg—* (CO,) using 40 wt% AEEA in a split-flow configuration, while
maintaining ~90% COs recovery [43]].

2.2.2 Numerical

A VOF-based three-dimensional two-phase CFD framework, coupled with the
RNG Fk—¢ turbulence model and a two-component double-equation turbulence mass
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transfer model (2CC), was employed to simulate the flow and mass transfer behavior
within a representative unit of structured packing. Liquid holdup, wetted surface
area, and HETP were determined from the calculated velocity distribution, phase
fraction, and concentration fields. The model was validated against experimental
data for Mellapak 350Y packing in a 150,mm diameter column under pressures
ranging from 0.6 to 1.8,MPa, yielding a mean absolute deviation of 25.4%. It
was observed that the CFD-based predictions provided a more accurate estimation
of mass transfer efficiency than the conventional Gualito model. These results
confirm the capability of CFD methodologies as effective tools for analyzing the

performance of packed columns. [44]]

A validated CFD framework was employed in which a passive—scalar model
with a constant turbulent Schmidt number (Sc¢r = 0.7) was calibrated
against semi-empirical correlations obtained from wetted-wall pipe and pilot-scale
SO,—NaOH scrubbing experiments, achieving mass-transfer predictions within 5%
of experimental values. Hydrodynamic simulations were conducted in Simcenter
STAR-CCM+ utilizing the lag elliptic-blending £ — ¢ RANS turbulence model
with an all-y+ wall treatment. Comprehensive mesh-sensitivity analyses confirmed
convergence for both pressure drop and mass-transfer coefficients. Systematic
variation of specific packing area, channel inclination, and opening angle revealed
that an opening angle near 90° maximizes mass transfer while increasing pressure
losses, whereas enlarging the specific packing area reduces the height of a transfer
unit (HTU) and enhances mass-transfer performance at the expense of higher

pressure drop. [45]

A three-dimensional Eulerian porous-media CFD model of an MEA absorber
packed with nine Mellapak 500X elements was implemented in ANSYS Fluent.
Porous resistance, gas—liquid momentum exchange, liquid dispersion, interphase
mass transfer, and a single-step reaction were included via calibrated coefficients,
enabling reproduction of wet pressure drop, liquid holdup, and the CO, profile;
the predicted gas-phase yco,(Z) closely follows measurements as illustrated
in Fig. 2.I5] The approach employed isotropic resistance and dispersion,
constant-property kinetics, and an unresolved corrugated geometry without explicit

turbulence resolution, which may limit hydrodynamic fidelity. [46]

A two-step, multi-scale modeling strategy was developed and validated to
optimize the vapor—liquid mass-transfer layer in structured catalytic packings.
At the micro-scale, a VOF model combined with a tracer method was
utilized to quantify vapor and liquid Sherwood numbers as functions of

operating conditions (vapor and liquid velocities) and four key geometrical
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Figure 2.15 Gas-phase CO, mole fraction along column height: (a) CFD contours
for the full column; (b) comparison of porous-media CFD predictions [46]]

parameters of the mass-transfer layer—base length, wavy height, incline angle,
and the mass-transfer-to-catalyst-layer area ratio. Universal correlations for
mass-transfer coefficients were subsequently derived and integrated, together
with a previously determined catalyst-layer efficiency factor, into a macro-scale
non-equilibrium reactive-distillation model capable of accurately reproducing
experimental conversions and temperature profiles. Analysis of the coupled model
indicated that, among the four geometrical parameters, wavy height and area ratio
exert the greatest influence on conversion, providing guidance for the optimal design
of catalytic packings to enhance performance in industrial reactive-distillation
applications. [[14]

Their work [47] was applied for a VOF-based interfacial mass—transfer framework
(Mass Fraction—Continuous Species Transfer (MF—CST) model) that tracks species
mass fractions and enforces Henry-law concentration jumps via a solubility-flux
term implemented with a density difference contribution. Validated in canonical
2D gas-liquid systems with single and dual film resistances, the model matches
analytical solutions with < 1% absolute average deviation and is extended to a
RANS-compatible turbulent formulation. A 3D demonstration on Mellapak-type

structured packing shows numerically stable handling of ~ 10% concentration
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discontinuities at the interface while predicting realistic hydrodynamic and NTU
trends under typical F-factors and liquid loads. In Figure 2.16] liquid VOF and
mass fraction of ammonia was given through the three stacked REU [47]].

a) b)

N Volume Fraction of Liquid Ammonia Mass Fraction

0.0001

7.5e-05

Se-05

2.5e-05

Figure 2.16 MF-CST with VOF Simulation over three stacked REU of
Mellapak 250Y: (a) liquid volume fraction highlighting film and rivulet
accumulation at corrugation junctions, (b) ammonia mass fraction alteration along
the flow. (Adapted from ).

2.3 Other CFD Applications in Separation Process

State-of-the-art hydrodynamic CFD for structured packings increasingly couples
carefully validated experiments with high-fidelity interface-capturing to isolate
geometry effects and actionable metrics for design. Wire-mesh sensor—validated
VOF models on commercial and 3D-printed replicas quantify how plate thickness,

corrugation angle, perforations, and transition regions steer liquid distribution and

pressure drop

Beyond generic “wetted area”, separating static from dynamic interfacial area
improves effective-area prediction and exposes contact angle (dynamic area)
versus viscosity (static area) as the dominant levers [49]. Cryogenic contrast
studies Liquid-oxygen (LOX) vs.  water reveal regime shifts (rivulet to
film), weak load-dependence of LOX interfacial area, and film-thickness—driven

design criteria—guidance directly transferable to heat/mass-transfer scaling [50].
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Additively-manufactured concepts such as SpiroPak demonstrate channelling
suppression with ~10% deviation and 50-70% lower dry pressure drops than
comparable surface-area packings, alongside early-stage selection correlations
[5S1]. On the methodology side, an AM-enabled loop (CAD-print-CFD-test)
plus periodic OpenFOAM setups that include the column wall cut compute cost
while preserving scale-critical maldistribution physics; these workflows underpin
miniaturized designs (e.g., XW-Pak) that out-perform their parents at matched void

fraction and area [52H54]].

Pushing beyond hydrodynamic studies; fully coupled, first-principles multiphase
frameworks now resolve the gas—liquid interface while co-solving interfacial mass
transfer, reaction kinetics, heat release, and temperature/composition-dependent
properties at packing-resolved scales-closing the gap between geometry
optimization and absorber performance prediction on realistic structured packings
[55]. Complementing geometry-resolved studies, a two-fluid Eulerian CFD
model for a lab-scale MEA absorber (random packing) co-solves counter-current
gas—liquid flow, reaction-heat effects, and rate-based mass transfer, matches
experiments, and maps trends with lean loading, L/G, and inlet CO,
fraction-providing compact, design-oriented guidance for reactive column
performance [56]]. Beyond CFD studies above, baffle-vortex demisters show an ~
40° baffle angle maximizing efficiency and boosting 10 ym capture by ~ 2.7-5.8x
versus wave-plates via DES-resolved vortical transport [57]]; and JT-separator
retrofits with reversed inlet deflectors raise droplet separation from ~ 6-10% to
~ 48-50%, underscoring inlet/baffle geometry as a dominant lever for two-phase

separation [58]].
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3

THEORETICAL BACKGROUND

3.1 Hydrodynamics
3.1.1 Gas Load

Reporting gas load as F instead of ug separates hydraulic loading from
kinetic corrections such as Schmidt or Reynolds numbers that follow later. By
implementing density inside a single variable, Fi; uses data taken at different
pressures and molecular weights easing scale-up and CFD/experiment comparison.

For this reason F-Factor incorporated for Gas flow calculations. It is defined as:

Fo = ugv/pa (3.1)

where u¢ 1s the superficial gas velocity and pg is the bulk-average gas density [45].

3.1.2 Liquid Load

The superficial liquid load, L, is defined as the volumetric liquid flow rate per unit
column cross-sectional area, .
Vi
L=— 32
A (3.2)
with V, the liquid volumetric flow rate and A, the column cross-sectional area. L
is typically expressed in m®*m~—2h~! and is widely used to characterize operating
conditions in packed columns because it directly influences liquid film thickness,

holdup, wetting behavior, and pressure drop [[16, 27].

For structured packings, most semi-empirical correlations for pressure drop, liquid
holdup, and effective interfacial area are regressed in terms of L and the superficial
gas load (discussed in the Section [3.1.1)), together with packing-specific geometric
parameters such as specific surface area and corrugation angle [10, 11} |16, 18, [23]
27,129 32, 133]]. At fixed gas conditions, increasing L generally thickens the liquid

film, increases dynamic holdup, and enhances the fraction of the surface that is
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effectively wetted, therefore enlarging the available gas—liquid interfacial area. It
should be noted that higher liquid holdup also increases the wet pressure drop, and

potentially causing "Flooding" phenomena.

3.1.2.1 Hydraulic Capacity, Loading, and Flooding
In addition to film hydrodynamics and holdup, the hydraulic capacity of a packed

column is governed by the interaction between gas and liquid loads. At moderate
gas velocities the pressure drop typically increases smoothly with the gas F'—factor,
while the liquid flows as a relatively stable falling film on the packing surfaces.
As the gas load is raised at a fixed liquid rate, gas—liquid interactions intensify, the
liquid film becomes swollen, and a characteristic change of slope appears in the
pressure-drop curve; this onset of strong interaction is commonly referred to as the
loading point [59, |60].

Further increase in gas velocity eventually leads to partial entrainment of liquid in
the upward gas stream and the formation of froth-like flow structures, accompanied
by a sharp rise in pressure drop; this regime is described as flooding, and it
defines the upper operating limit of countercurrent packed columns [59, 61]. For
structured packings, hydraulic models and capacity correlations typically relate the
loading and flooding F'—factors to liquid load, physical properties, and packing
geometry, and are calibrated against large experimental databases covering a wide
range of packing types and operating conditions [62]. In the present work, the
CFD-predicted wet pressure drop is interpreted in this classical framework to assess

how the simulated hydrodynamics approach loading and flooding conditions.

As shown in Figure [3.1] flooding corresponds to the regime where increasing gas
load causes liquid holdup to rise sharply after a relatively flat pre-loading region
(see the original Suess—Spiegel [2] plot in Appendix [A.17).

3.1.2.2 Dimensionless Groups for Film and Gas Flow

The hydrodynamics of gas—liquid flow in packed columns are governed by
the balance of inertia, viscous, gravitational, and capillary forces, which are
conveniently expressed in terms of dimensionless groups [8]. The generic Reynolds
number is defined as

pud

Re = —, (3.3)
J
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Figure 3.1 Liquid holdup %, as a function of gas load F; for various liquid loads
L for Mellapak 500Y structural packing. Reproduced from [2].

with p the fluid density, u a characteristic velocity, d a characteristic length scale,
and p the dynamic viscosity. In the present work, it is useful to distinguish explicitly
between liquid- and gas-based Reynolds numbers,

d d
Re; = pLuL h7 Reg = PGUGCh (3.4)

ML pe

where the subscript L refers to the falling liquid film on the packing and G to the gas
core flowing through the channels. Correlations for film thickness, liquid holdup,
and effective interfacial area typically employ Re;, as the relevant hydrodynamic
parameter, whereas hydraulic capacity and flooding correlations often use Reg or

an equivalent gas F'—factor that can be written in terms of pg and ug [62].

For the liquid film, additional dimensionless groups are defined using a
characteristic liquid velocity uy,, density py, dynamic viscosity jiz,, surface tension
o, gravitational acceleration g, and a characteristic length d), (for example, a
hydraulic diameter or mean film thickness) [63]],

2d
Wep, = PriL h, Fr;, = — Ca = M 3.5)
o o

The liquid Weber number, We;, compares inertial and capillary forces and is
relevant for rivulet formation, droplet detachment, and liquid redistribution at

corrugation intersections [64]. The Froude number, Fr;, characterises the relative

34



importance of inertia and gravity along the inclined packing channels, while the
Capillary number, Ca, compares viscous and capillary forces and is often used in
conjunction with dynamic contact-angle models to describe contact-line motion on
wetted surfaces [33]. In structured-packings correlations, combinations of Rej,
Wey, Fry, and Cay, are frequently employed to represent the dependence of holdup

and effective interfacial area on operating conditions and fluid properties [64]].

3.1.3 Static and Dynamic Liquid Holdup

The liquid holdup in a packed column quantifies the volume of liquid retained
within the packing per unit column volume. A distinction is commonly made
between static and dynamic holdup [27]. The static holdup corresponds to the liquid
that remains on the packing surfaces after the flow has been stopped and the column
has been allowed to drain under gravity; it reflects capillary retention and surface
roughness effects. In contrast, the dynamic holdup denotes the total liquid present
in the packing under operating conditions, including both the static fraction and the

flowing film.

Static holdup is primarily governed by surface tension, wettability, and surface
roughness, whereas dynamic holdup also depends strongly on the superficial liquid
and gas loads [[16]. Higher L typically increases dynamic holdup by thickening the
film, while higher gas loads can partially strip liquid from the surfaces, reducing
holdup in some regimes [64]]. Holdup is directly related to the residence time
distribution of the liquid phase and thus affects both the utilization of the packing
volume and the effective interfacial area available for mass transfer in reactive

absorption processes [[19}39].

3.1.4 Role of Surface Tension and Wettability

Surface tension, together with the static and dynamic contact angle, sets the
capillary force scale that controls wetting, film stability, and the transition between
continuous films and rivulets on corrugated sheets. Consequently, o influences
We and Ca. Further, surface tension is also affects the static liquid retention
after drainage and the degree of effective wetting under operation. This effect
is particularly relevant for high specific area structured packings, where reduced
surface tension increases the accessible effective area by promoting spreading

across the packing sheet corrugations [64-66].
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3.1.5 Static Contact Angle

The static (equilibrium) contact angle, 6,,; (measured through the liquid),
quantifies the force balance at the three—phase contact line. On an ideal, smooth,

chemically uniform surface at equilibrium it obeys Young’s relation,

YsG — YsL = VLG €08 Ol (3.6)
with ~;; the solid—gas, solid-liquid, and liquid—gas interfacial tensions.

As shown in Figure the equilibrium (static) contact angle 6,,,;; results from
a balance of the solid-liquid, solid—gas, and liquid—gas interfacial tensions at the
three-phase contact line. It should be noted that for a non-uniform surfaces the

optically observed (apparent) angle 6* generally differs from 6,,,;.

Gas
T
Liquid Ow
Yo Yoo
Solid o X

Figure 3.2 Definition of the static contact angle ,,,;; on a horizontal solid surface.

3.1.6 Dynamic Contact Angle

In VOF, the wall-adhesion boundary uses the contact angle at solid walls to set the
interface normal; thus prescribing a dynamic angle improves moving contact line

behavior 67, 68]]. Linear law driven by the local Capillary number,

Ca = — (3.7)

As shown in Figure real surfaces typically exhibit contact angle hysteresis
between advancing and receding limits, # 4 and 6g, especially on inclined or rough
substrates. This hysteresis plays a key role in determining the onset of liquid

motion, film breakup, and rivulet formation on structured packings.

Therefore, fg is the nominal (static) angle and A an amplitude defining
advancing/receding bounds:

Oa=0s+A,  Op=0s—A. (3.8)
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Figure 3.3 Definition of the dynamic contact angle 64 and 6z on an inclined solid
surface.

The dynamic angle is then specified as

min(Ca, Capay)

Or(Ca) =05+ A Ca , (3.9
Or(Ca) = s — A min(Ca, Camax) (3.10)
Camax
and clamped to the admissible interval
Gdyne [GR, 0,4] (3.11)

Equation (3.9) and (3.10) yields 6,,,=604 at Ca=0 and saturates to 64,,=0p for
Ca > Capax, providing a numerically robust variation with velocity. Lastly, in

implementation to ANSYS Fluent, 6, is supplied in radians:

Odyn(rady = Oayn|’] x 7/180. (3.12)

For lower 6 the interfacial area and liquid holdup increase, improving Kga. in
absorbers; conversely, larger 6 favors rivulet formation and localized breakup.
In corrugated channels the lateral motion of the contact line is constrained by
geometry, so the effect of fpca on interfacial area may be weaker than on an
open inclined plate. When calibrating 64, 0y for simulations, values should be
anchored to sessile-drop measurements on the actual packing surface (or close
surrogates) and adjusted within reported hysteresis ranges to match observed

regimes (film/rivulet/droplet) and interfacial areas.
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3.2 Interface Capturing and Capillarity Modeling

Gas-liquid interfaces are captured using a Volume-of-Fluid (VOF) formulation, in
which the primary phase indicator is the liquid volume fraction a; € [0, 1] [69].
Cells with oy = 0 and «; = 1 correspond to pure gas and liquid, respectively, while
interfacial cells satisfy 0 < a; < 1. For incompressible, immiscible phases without
phase change, «; is advected by

oy

where u is the shared velocity field. Mixture properties such as density and viscosity
are then obtained by volume-fraction weighting of the pure-phase properties,

ensuring sharp but conservative jumps across the interface.

Capillarity is modeled by the Continuum-Surface-Force (CSF) approach [68],
which represents surface tension as a body force distributed over the finite-thickness
numerical interface. The capillary force per unit volume acting on the gas—liquid
interface is written as

Fs=—-—vkVaq, (3.14)

where v is the surface-tension coefficient, « is the local interface curvature, and
Va, provides a smoothed approximation of the interface normal direction. This
formulation concentrates the forcing in cells with 0 < «o; < 1, thereby recovering

the correct pressure jump across the interface in the sharp-interface limit.

The curvature « is evaluated from the divergence of the unit normal,

~ ~ VCY[
k= V-n, n=-—, (3.15)

|Val|
which links the geometrical description of the interface directly to the VOF field.
Using oy in both the normal and the CSF term ensures a consistent coupling between

interface advection and capillary forcing.

Wettability at solid boundaries is imposed through a contact-angle condition that
rotates the interface normal at the wall to enforce the prescribed static contact angle
0,, (measured through the liquid). Denoting by 1, and t,, the wall-normal and

wall-tangent unit vectors, respectively, the modified interface normal at the wall is

N

n = flwcosQw—kf:wsiné’w, (3.16)
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which aligns the reconstructed interface with the equilibrium contact angle used in
Sections [3.1.5] and [3.1.6] and consistently couples wall wettability to the capillary

force model.

3.3 Reactive Absorption
3.3.1 Overall Mass Transfer Coefficient

The classical expression obtained from integrating the overall driving force along

the gas—phase height;

kaa, = Ya 1H(M> (3.17)
Z CG,out — C*G

Under the fast—reaction assumption, c, =~ 0 is applied since:

* the column height is relatively short (REU approach), and

* the chemical reaction is sufficiently fast to maintain negligible gas—phase CO,

concentration.

Consequently, the overall gas-side coefficient through an inlet—outlet log-mean

driving force expressed as following [21} |45]]:

kaa, = -6 ln( CGiin ) (3.18)
Z C@,out
or,
Qa CG,in
Keca, = In| —— 3.19
Gt AIZ " C@,out ( )

Because the area term a. already includes packing geometry, kga. cleanly
compares very different structured packings without estimating individual a,. values.
Furthermore, the experimentally accessible quantity that can be fed directly to

height of transfer unit correlations.

3.3.2 Interfacial Area

Packed-column performance is often described in terms of the overall volumetric
mass-transfer coefficient, Kga., where a, is the effective gas—liquid interfacial area
per unit packed volume. The packing manufacturer typically reports a geometric

(or specific area), a,, based purely on the developed surface of the dry packing.
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However, under realistic operating conditions only a fraction of this surface is

wetted and actively participates in mass transfer (typically, a. < a;,) [16, [27].

The ratio,

Relative Interface Area = de (3.20)
ap

is often referred to as the wetting efficiency or wetting fraction. It depends on
liquid load, fluid properties (viscosity, surface tension, wettability), and packing
geometry, and is commonly correlated as a function of Reynolds, Weber, and Froude
numbers for a given packing family [16} 27, 28|]. Experimentally, a, is frequently
inferred from absorption experiments using a well-characterised gas—liquid reaction
and the two-film concept (e.g. Danckwerts’ method), whereas in modern CFD and
VOF-based simulations it can be estimated directly from the resolved gas—liquid

interface area within a representative elementary unit of the packing [16,|33]].

In the present work, an analogous numerical interfacial area, a;y, is extracted from
the VOF liquid volume-fraction field, ay,. The reconstructed interface is identified
using an isosurface of oy ~ 0.5 to o, ~ 0.01 as the nominal phase boundary.
The total area of this VOF interface within the representative packing element is
then normalized by the packed volume to obtain a;,;. Although a;, is not strictly
identical to the experimentally inferred a,, it mimics the the actively wetted liquid
on the packing surface.—liquid area on the structured packing—and is therefore
used as a CFD-based surrogate for a, when comparing simulation results with

correlations [[16, (33]].

Relative Interface Area (VOF Interface) = Qint

(3.21)

ap

3.3.3 CO,-MEA Reaction Mechanism

The absorption of CO, into aqueous monoethanolamine (MEA) proceeds through a
sequence of acid—base and zwitterion-formation reactions that can be represented by
two kinetic pathways. In the primary route, CO, directly reacts with free MEA to
form carbamate via a zwitterion intermediate, while the secondary route involves
hydrated CO, (carbonic acid) reacting with MEA. The overall rate is strongly
influenced by MEA concentration and local availability of CO, at the gas-liquid

interface.
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(R1) CO2+2MEA My, MEACOO™ + MEAH* (3.22)

(R2) COs + H,O + MEA k2 MEACOO™ +2H* (3.23)

Both reactions are modeled as volumetric processes following the Arrhenius rate

expression:

B .
k; = A; exp <—R—a7i) , 1=1,2, (3.24)

where A; and E,, ; are the pre-exponential factor and activation energy, respectively.

3.3.3.1 Film and Penetration Theory

For gas absorption accompanied by a liquid phase reaction, the absorption flux of

CO, is commonly written using the two film concept as

Neo, = ke (cap — cai) = Ekp (cp; — cpp) (3.25)

where FE is the enhancement factor, defined as the ratio of the absorption flux with

reaction to the physical absorption flux (no reaction).

Gas Liquid
Pco,p i
CCOz,int E
o Cco,p

Figure 3.4 Concentration and partial pressure profiles in the two film concept.

Under conditions relevant to CO,—MEA absorption, the liquid phase reaction can

often be treated as pseudo first order in dissolved COs,

rco, = kapp CCO,,L kapp ~ k2 CMEA free (326)
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This relationship leads directly to the Hatta number; therefore, the Hatta number is

\/ Kapp D
Hq — Y "app 7CO2,L (3.27)

kro

defined as follows:

Here, Dco,,r, is the molecular diffusivity of dissolved CO; in the liquid phase,
and k. denotes the baseline liquid side mass transfer coefficient in the absence of

chemical reaction.

For an irreversible pseudo first order reaction and negligible bulk dissolved COs (i.e.
cr» ~ 0), the enhancement factor can be expressed as a function of //a. Within the

classical film theory, a common expression is

Ha

Er~——— 3.28
tanh(Ha) (3:28)

In surface renewal or penetration based formulations, an alternative approximation

is often used,

E ~+1+ Ha? (3.29)

In the present CO,—MEA system, absorption is expected to lie in the fast reaction
regime (large Ha). Therefore, both approximations, Eq. and Eq. |3.29| reduce
to the same asymptotic behavior (£ ~ Ha) and yield nearly identical enhancement

factors.

The regime classification is commonly summarized as [70]:

* Slow reaction: Ha < 0.3
E =~ 1 (reaction provides negligible enhancement)

¢ Intermediate reaction: 0.3 < Ha < 3

E departs from unity and increases with Ha

¢ Fast reaction: Ha > 3

E ~ Ha, and the absorption rate becomes weakly dependent on k7,

In the fast reaction regime, the bulk liquid CO, concentration remains small due to
rapid consumption in the liquid, which is consistent with applying c;; ~ 0 in the
log mean driving force formulation used to evaluate K a,. from inlet and outlet gas

phase CO; concentrations.
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Figure 3.5 Schematic representation of penetration and surface renewal concepts.

In the present CFD—-UDF implementation, the reaction enhancement is incorporated

by defining the liquid side coefficient as
kL = Ekpo (3.30)

Consistent with the penetration or surface renewal approximation adopted in the
UDF, Eq.[3.29]is used, yielding

kL :kL70 v1+Ha2 (331)

In the present work, the penetration-based formulation is adopted to avoid imposing
an external surface-renewal limitation at the VOF resolved interface. Instead, the
penetration process is expressed in terms of renewal for the VOF solution, thereby

providing a more physically grounded prediction of liquid-side mass transfer.

3.3.4 Interfacial Equilibrium and Henry’s Law

At infinite dilution, the interfacial equilibrium between the gas and liquid phases

for CO, is written using Henry’s law in the (p/z) convention:

Pco,

— yeo. Pun. 3.32
H,(T) PCos Ycos Pab (3.32)

xeq -

where H,,,(T") has units of pressure and P,y is the absorber pressure [71]].
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The (p/x) Henry constant relates to the (¢/p) convention through the liquid molar
density. For dilute CO, in water, the solvent molar density is approximated as

CL = pr/Mp,o, hence:

o CYL o p/MHZ
ol T) = 7y = T

(3.33)

3.3.4.1 Temperature Dependence of Henry’s Constant
The solubility of CO, in aqueous solutions is commonly described using the
(¢/p) Henry constant H.,(T"), which follows an Arrhenius type dependence on

temperature. Using the van’t Hoff form [72, 73], the temperature dependence is:

1 1
H.,(T) = Hepref €xp {B (T — 7 f)] (3.34)

where H,, s is the reference value at T (typically 298 K), and 3 is an empirical
constant that represents the slope of In H,, versus 1/7" (with reported values in the
range 2200 to 2600 K for CO,).

The liquid side driving force in mole fraction is defined as:

Ar = T — 21 (liquid side). (3.35)

3.3.5 CO,-MEA Kinetics and Apparent First Order Rate
The intrinsic kinetics of CO, absorption into MEA can be expressed as two
parallel termolecular reactions representing the direct amine and the water catalyzed

pathways. Each pathway follows an Arrhenius type dependence:

E

krnm, (T) = Ay exp (—R—1T> x 1076, (3.36)
E, i

ki,o(T) = Agexp — 57 ) X 1079, (3.37)

where the factor 10~° converts the concentration basis from mol to kmol in the rate

constant.

The overall apparent first order rate constant is obtained by summing the

contributions:

ki = krni, IMEA)? + kp,o [HoO] [MEA]. (3.38)
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With concentrations expressed in kmol m~3 and kg, , k0 in m® kmol 2s™', k;

has units of s~!. The CO, consumption rate in the liquid phase is:

Tco, = kl CCOy,liqs (339)
where cco, 1iq 1 the dissolved CO, concentration in the liquid phase.

The CO, mass fraction in the liquid phase (Y,) is converted to mole fraction

(zr):

v — Yco,/Mco, (3.40)
Yco,/Mco, + (1 — Yco,)/Mm,o

The average molecular weight of the liquid mixture is computed from the mole

-1

Iy, 1-— Xy,

Mpix = + > . (3.41)
(MCO2 MHQO

fractions:

The molar density of the liquid mixture is then:

o g J\ﬁix’ (3.42)

In the film theory framework, the volumetric molar absorption rate is modeled as:

N = kroaeg Az cy [mol m 3 s’l] . (3.43)

Only cells containing a gas—liquid interface (VOF) and adjacent to the packing are

counted for mass transfer. Accordingly, the effective specific area is expressed as:

o = ao P, ap ~ 500 m? m~* (Mellapak 500Y), 0<d<1. (3.44)

The corresponding mass source term used in the UDF is:
m = N Mco, [kgm™?s7'], (3.45)

where a positive 7 indicates transfer from gas to liquid.
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4

COMPUTATIONAL METHODOLOGY

4.1 Geometrical Representation of the Packing

In the computational domain, the representative elementary units (REUs) were
stacked periodically to reproduce the periodic structure of the Mellapak 500Y
packing. As illustrated in Figure [4.1] three different computational configurations
were constructed, namely single-, four-, and six-REU models, in order to examine
the influence of the domain length on the hydrodynamic and mass transfer

predictions.

Single REU

Figure 4.1 Representation of six-REU’s, four-REU’s and single-REU
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The schematic (Fig. 4.2)) illustrates a single corrugated packing element defined by
a repeating unit cell with vertical height B = 11.25 mm and corrugation spacing
S = 8.0 mm to represent Sulzer Mellapak 500.Y. Each corrugation ridge is formed
by two inclined facets meeting at an apex angle # = 45°. The local bend at each
apex has a radius R = 1.0 mm, ensuring a smooth transition between facets [31]].

As will be discussed in detail in the Section [5.1] the face-to-face spacing between
adjacent corrugated sheets was finally set to F' = 0.24 mm. The spacing was
adjusted to calibrate the pressure-drop predictions in order to ensure the consistency

between dry and wet pressure-drop measurements.

: \4

/\i
J

Figure 4.2 Dimensions defined to represent Sulzer Mellapak 500.Y

4.2 Mesh Generation

4.2.1 Pressure Drop Benchmarking and Calibration

The computational domains were 3D-modeled in SpaceClaim v24 R2, yielding
three primary geometries containing six, four, and one REU’s. A corrugation gap
of 0.24 mm between neighboring sheets was adopted as the optimum spacing.
This value is an order of magnitude smaller than the 0.24 mm clearance used by
Singh 33]] and Ambekar [[11]], which would otherwise result in unrealistically
low pressure-drop predictions. All meshes were produced with ANSYS Fluent 24

R2 Meshing. Two unstructured algorithms were benchmarked:
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* Hex—core: a surface—triangular skin is first generated; a hexagonal core region
is then extruded normal to the surface, finally transitioning to polyhedral cells

in the outer zones. The approach limits cell count while retaining surface
fidelity.

* Poly-hexcore: an additional polyhedral refinement band is introduced around
geometry before core extrusion, improving gradient resolution in complex

junctions and connections.

For the six-REU model, four main grid densities were examined to
demonstrate mesh independence: 3.5M cells (= 0.53M cells/REU), 2.4M cells
(= 0.37M cells/REU), and 0.70M cells (=~ 0.10M cells/REU).

A SECTION A-A SECTION B-B
< - S

A

Figure 4.3 Dimensions defined to represent Sulzer Mellapak 500.Y

In addition to these meshes, to examine the influence of near-wall resolution, a

further mesh refinement conducted.
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The identical meshing strategy was applied to the four-REU geometry. It should be
denoted that all meshes exhibit an orthogonal quality above 0.2 [74].

SECTION A-A SECTION B-B

A <«

A

Figure 4.4 Dimensions defined to represent Sulzer Mellapak 500.Y

A summarizing table can be demonstrated as:

Table 4.1 Mesh configurations and cell counts for all single phase models

Mesh ID Applied for: Single,4, 6-REU’s Cells per REU

M-A Fine ~0.53 M cells/REU
M-B Fine: 8 and 12 prism layers ~0.53 M cells/REU
M-C Medium ~0.37 M cells/REU
M-D Coarse ~0.10 M cells/REU
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4.2.2 Two-Phase Hydrodynamic Analyses

Single REU configuration was used to simulate VOF studies. A variant created
from the pressure drop geometry which includes a dedicated liquid inlet partition
to conduct VOF studies. All grids were generated with the Hex—core procedure

described above. Four different mesh resolutions were constructed:

Table 4.2 Mesh configurations and cell counts for all hydrodynamics two-phase

models
Mesh ID Description
M4 Finest with 12 prism layers ~1.02 M cells/REU
M3 Fine with 8 prism layers ~0.71 M cells/REU
M2 Medium, no prism layers ~0.44 M cells/REU
Ml Coarse, no prism layers ~0.26 M cells/REU

4.2.3 Two-Phase Reactive Absorption Analyses

Single REU configuration was used to simulate Reactive Absorption studies. All
grids were generated with the Hex—core procedure described above. Five different

mesh resolutions were constructed:

Table 4.3 Mesh configurations and cell counts for all hydrodynamics two-phase

models
Mesh ID Description
M5 Finest with 12 prism layers ~2.22 M cells/REU
M4 Fine with 9 prism layers ~1.12 M cells/REU
M3 Base with 9 prism layers ~0.76 M cells/REU
M2 Medium, 7 prism layers, AR: 2 ~0.51 M cells/REU
M1 Coarse, 7 prism layers, AR: 2 ~0.19 M cells/REU

4.3 Governing Equations and Physical Models

Equation (4.1) allows mass conservation for each phase ¢ in the VOF framework
by balancing the temporal change and convective transport of the volumetric phase

mass with the net interfacial mass exchange (712, — 17,,). The inclusion of density
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allows the formulation to remain valid for lightly compressible fluids, while «,,

keeps the description bounded between 0 and 1 for each computational cell.

P N
g —(pag) + V-(paguy) Z Mpg — Mgp) 4.1)
p=1

Equation (4.2) transports the phase indicator «, with the bulk velocity u
optionally augmented by a numerical or physical source S,,,, that promotes interface
sharpening. Accurate resolution of this term is important for sharp liquid—gas

interfaces in Eq. (4.3).
day

BN +u-Va, = 9, 4.2)

The SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm
was employed to couple pressure and velocity. SIMPLE method ensured
mass conservation (continuity) by iterating momentum-—pressure corrections until
convergence. Low-mach and incompressible nature of the study made it a natural
choice. The one-fluid momentum equation (4.3) solves a single velocity field
weighted by the local mixture density. On the right-hand side, the pressure gradient
drives the flow, the effective viscosity g = i + p; combines molecular and
turbulent stresses, pg incorporates body forces, and F, introduces surface-tension
forces computed from the interface curvature given by the VOF field. This coupling
enables the model to capture complex interfacial hydrodynamics such as rivulet

flow over structural packings.

)
Py —(pu) + V-(puu) = =Vp+ V- (texVu) + pg + F, (4.3)

Equation (.4) tracks the mass fraction Y; of each chemical species. Convective and
diffusive fluxes are complemented by the net production term F;, which embeds
homogeneous or heterogeneous reactions. The diffusive flux J; follows Fick’s law
corrected for turbulent mixing through the turbulent Schmidt number S,, ensuring
that scalar transport is consistent with the turbulence field.

0

(V) + Vo(puY) = =V-J, + R, Ji=—(pDin+ g ) VY (44)
Since the local Reynolds number in the structured packing ranges in laminar

to transitional regime the turbulence model should capture transitional, laminar
and mild turbulent regions. Nikou [34]] showed that the k-w and BSL models
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yielded the lowest mean absolute relative error in predicting dry pressure drop
compared to experimental data. In their study the k-w model demonstrated robust
performance across varying flow conditions (£, = 0.38 — 1.00). Therefore, the k-w
model is selected for its demonstrated accuracy and stability in structured packing
simulations. The model provides a good resolution in the viscous sublayer at low

Reynolds numbers with a blending to the k—e behavior in the free stream [31].

The overall heat of reaction is expressed for the reactive source term as follows:
AHY, = > v hj(k), (4.5)
k

where v, and h} (k) denote the stoichiometric coefficient and the standard heat of

formation of species k, respectively.

The chemical source term for reactive absorption is incorporated into the species
transport equations as F;, which represents the local rate of mass consumption
or generation due to reaction. The detailed carbamate formation mechanism is
demonstrated here into an apparent first-order rate with respect to dissolved COs,

written in a compact form as:

RC02 = _k/ CCOQa k/ = f(T> CReactants> CVF'roducts)- (46)

The exothermic heat of absorption is not added as an explicit source term. Instead,
it is accounted for through the species formation enthalpies: reactants are assigned
h$ = 0 (reference), while the products carry a constant offset of 2} = —8.0 x
107 J kmol~! to reproduce the global heat of reaction. With stoichiometric sources
R; = v;r (v; > 0 for products, v; < 0 for reactants), the reactive heat contribution

in the energy equation becomes

St == "hiRi == vh§(i)r = —AHuqr (4.7)
AH,., = —8.0 % 107 Jkmol ! (4.8)

Since the temperature increment along the column is not considerably high,
therefore the value of AHSY is taken as constant, neglecting temperature and

rxn

solution non-idealities.
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All residuals were set to converge below 1.0 x 1073, Although transitional flows
sometimes trigger convergence difficulties, the model was provided sufficiently

robust iterations and no oscillatory behavior was observed.

A generalized error formulation is given in the below equation 4.9}

[CFD Results] — [Correlation or Experimental Results]

4.9)

€ = : .
[Correlation or Experimental Results]

4.4 Property Modeling

4.4.1 Property Correlations for Dry Pressure Drop

According to the data obtained from [16], the density and viscosity values are
listed in Table Since there is no temperature-dependent solution conducted
for Single-phase case, therefore corresponding F; values were directly assigned in
Fluent.

Table 4.4 Operating air gas density and viscosity as a function of temperature and

F,.

T Iy P M

(°C) (Pa®%) (kgm™) (Pas)

18.8 0.719 1.209  1.810 x 107°
19.5 1.082 1.206  1.837 x 107°
19.6 1.444 1.206  1.837 x 1075
194 1.803 1.206  1.837x 107°
19.9 2.164 1.206  1.837x 107°
222 2.884 1.195 1.838x 1075
254 3.603 1.182  1.839 x 107°
30.1 4.317 1.164  1.840 x 107°

4.4.2 Property Correlations for Two-Phase Model
Table §.5| summarizes the constant thermophysical properties employed in the CFD

simulations for the two-phase model. For the hydrodynamics-only simulations,
operating conditions corresponding to 25,° C were adopted. In this context, the

properties of air at 25,° C are reported in Table 4.4|in the previous section.

For the reactive absorption simulations, the material properties were evaluated at an
operating temperature of 36,° C in order to ensure consistency with the experimental

studies of Aroonwilas [19].
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It is assumed to be no binary interactions modeled for the system, since the reactive

area has very low total reaction amount

Table 4.5 Constant thermophysical properties used in the two-phase model. Water
properties at 25°C and 36°C were computed at atmospheric conditions.

Component p 1 Cp k M
kgm™3 Pas klkg'K! Wm!'K! gmol!
H,O @ 25°C[[75,/76] 997.3 8.9e¢-04 4.18 0.61 18.015
H>,O @ 36°CJ[75,76] 994  7.1e-04 4.18 0.63 18.015
MEA [76,[77]] 1015  2.0e-03 3.20 0.48 61.08
COy, @ 36°C[76-79] 1.748 1.5e-05 0.86 0.016 44.01
Air @ 36°C|[76-79] 1.142  1.8e-05 1.009 0.027 28.966
Prod 1 (est.)[80, (81]] 1200  3.5e-03 3.75 0.48 105.09
Prod 2 (est.)[80, (81]] 1050  3.0e-03 3.75 0.48 123.1052

4.4.3 Mixture Property Models

In this work, mixture and transport properties for the reacting MEA—CO, system are
evaluated using Fluent’s built-in mixing laws (Fig. [82]). The selected models are
documented in the Appendix via screenshots of the Fluent interface (Fig.[A.I8)). The
following section then states the constitutive relations actually used by the solver

and summarizes the assumptions underlying each selection.

Thermodynamic non-ideality was not modeled in this study. The liquid phase was
treated as an ideal mixture and no binary interaction parameters were introduced
in the property model. This simplification is adopted as a scope limitation, since
the reactive zone is geometrically short and the overall CO, uptake within the
simulated domain is small. Therefore, the impact of non-ideal thermodynamics
on the reported hydrodynamic and global performance metrics is expected to be
secondary compared with the uncertainties associated with flow regime, interfacial

area, and mass transfer closure.

4.4.3.1 Density p: Volume-Weighted Mixing Law

For a VOF multiphase formulation with NV, phases of (piecewise) incompressible

density p,, Fluent evaluates the mixture density as the volume-average

N, Np
P = Y 0gpg Y ag=1L (4.10)
q=1 q=1

This choice is consistent with the definition of phase volume fractions and preserves

the correct hydrostatic response and interfacial jump conditions in VOF.
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4.4.3.2 Specific Heat Capacity c,: Mass-Weighted Mixing Law

Mixture heat capacity at constant pressure follows directly as the mass-weighted

average
oh al

com(T) = (a_T)p = Zl Y ¢pi(T). (4.11)

Default mixing-law option and is thermodynamically consistent with the enthalpy

formulation used in the energy equation.

4.4.3.3 Thermal Conductivity: Mass-Weighted Mixing Law

When the “mass-weighted mixing law” is selected for laminar conductivity,

N,
k,, = Zyiki, (4.12)
i=1
and the conductivity appearing in the energy equation is
ket = km + kK, (4.13)

where £; is the turbulent conductivity from the selected turbulence model (via k; =
¢,/ Pry with turbulent Prandtl number Pr;). Mass-averaging is recommended
for reacting liquid mixtures where property contrast between components tracks

composition by mass.

4.4.3.4 Viscosity: Mass-Weighted Mixing Law

With the ‘mass-weighted mixing law’ for laminar viscosity,

N,
o = Y Yip, (4.14)
i=1
and the momentum equations use the effective viscosity

Mot = fm + [t (4.15)

with y, supplied by the turbulence closure. The mass-weighted law provides a

consistent baseline tied to composition.

55



4.4.3.5 Basis for the Surface Tension

Surface tension values were prescribed to represent the liquid phase properties used
in the simulations. For both water and aqueous MEA, o was treated as constant

because the temperature variation along the absorber was negligibly small.

Table 4.6 Surface tension values used in the present work.

Fluid Temperature (°C) o (Nm™!) Reference
Water 25 0.072 [183]]
Aqueous MEA (20 wt%) 36 0.055 [66]

4.4.3.6 Mass Diffusivity: Multicomponent

ANSYS Fluent solves the Maxwell-Stefan form of multicomponent diffusion for
all transported species simultaneously when the Multicomponent option is selected.
Using the set of binary diffusion coefficients D;;, the solver internally computes
the coupled diffusive mass fluxes, thereby capturing cross-diffusion effects without
extra model parameters beyond the supplied D;;. The material-interface selections
(mixture species, reaction model, and mixing laws for density, heat capacity,
conductivity, viscosity, and diffusivity) are documented in Fig.

4.4.3.7 Basis for the binary diffusivities

For neutral-neutral pairs (e.g., COy in water, MEA in water), representative
magnitudes follow the Stokes—Einstein scaling and the Wilke—Chang correlation;
for ionic amine—CO,, reaction products (e.g., carbamate/bicarbonate with aminium

counter-ions), reduced values in the 1071° m?/s range are used.

ke T
Dip = —2— (4.16)
O B TA

(pp Mp)*2T

2 -8
Dyp [em®/s] = 7.4 x 10 5 V08

, (4.17)

where kg is the Boltzmann constant, 7' the absolute temperature, ;5 the solvent
viscosity, r 4 the solute hydrodynamic radius, ¢ the solvent association factor (for
water ~ 2.6), Mp the solvent molar mass, and V4 the solute molar volume at its

normal boiling point.

These diffusivities were specified as constants to the Fluent for the operating
temperature ranging 308-312K; multicomponent fluxes are then assembled

internally from the binary inputs during the coupled species-transport solution.
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Table 4.7 Binary liquid-phase diffusion coefficients used in the multicomponent

(Maxwell-Stefan) model.

Species Pair D;; [m? s7'] Reference
HQO(L) <+~ CO, 1.9 x 107° Eq @
MEA ¢ H,0, 80x 10 Eq.
H,0(1,) > Product (ionic) 4.0 x 107*°  Eq. (#16)
MEA ¢+ CO, 23x 107 Eg.
Product (ionic) <> COs 1.0 x 107 Eq. @I17)
MEA < Product (ionic) 6.0 x 1071°  Eq. @.16)

4.5 Reactive Absorption Methodology

4.5.1 Framework Development

At each time step, the incompressible two-phase flow is advanced with a VOF
formulation, updating the velocity—pressure fields and the phase indicator; this
resolves the gas—liquid interface and yields the interfacial area density a; needed
by the mass-transfer model. Given the gas-side composition yco, and the absorber

pressure Py, the interfacial partial pressure is pco, In this

Yco, P, abs-
manner, the corresponding liquid-side equilibrium composition is obtained via the

temperature-dependent Henry relation shown in the equation (3.32).

1.0 T
e .. -® Gas-phase yco,
ik V9% -® Liquid-phase xco,

0.8 758/ —= Xegq
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Figure 4.5 Reactive absorption framework developed for the study

Figure {.5] summarizes the end-to-end framework that links the hydrodynamics

(VOF), interfacial thermodynamics, and reactive mass transfer.

The driving force for absorption Az is x., — xc0,, Where xco, is the local dissolved

CO, composition in the liquid phase. The interfacial molar flux is modeled with a
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film coefficient and interfacial area density, and is introduced as a volumetric source

term in the CO, transport equation within interfacial and liquid cells.

In the reactive cells, the absorbed CO, is consumed through the CO,—MEA
reaction kinetics (See reaction in the Eqn. (3.22))). This consumption establishes
a net sink for CO,, while generating a corresponding source term for the reaction
products according to the defined stoichiometry. Furthermore, the reaction enthalpy

contributes to the energy equation through a volumetric heat source.

Species equations are solved with these sources to update the liquid composition
and temperature fields. The procedure is repeated in time: VOF updates
the interfacial geometry and a;,, interfacial equilibrium supplies z.,, and the
UDF-based coupling converts the interfacial flux into volumetric sources/sinks.

This loop continues until the pseudo—steady regime is achieved.

Reaction calculations were coupled with an ideal mixture property model;

non-ideality effects were not considered (see Section 4.4.3).

4.5.2 Volumetric Reaction Definition

In the CFD framework, the CO,—MEA reaction was represented as two volumetric
reaction between the reactants CO,, M EA and H,0, yielding C'arbamate and
Bicarbonate products. The rate followed an Arrhenius form as implemented in
ANSYS Fluent, with the kinetic constants summarized in Table 4.8] The volumetric
reactions defined to the ANSYS Fluent given in the Appendix [A.20and [A.21]

The parameters implemented in the present model are summarized below, consistent

with the references used |19, 38]]:

Table 4.8 Kinetic parameters used for CO,—MEA reactions.

Reaction A (m?kmol~ts™!) E, Jkmol™)
CO, + 2MEA — MEACOO™ + MEAH™ 4.61 x 10° 3.74 x 107
CO, + H,O + MEA — MEACOO™ +2H™" 2.73 x 107 4.55 x 106

Since the direct carbamate formation (R1) is significantly faster, it governs the initial
absorption rate, while the hydrated CO route (R2) acts as a secondary, slower path
contributing mainly at lower amine concentrations or high CO, loadings. These
kinetic formulations are explicitly incorporated into the CFD model via user-defined

source terms in the mass transport equations.
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The kinetic expressions given above were implemented in the ANSYS Fluent
reaction module as two volumetric reactions, as illustrated in Appendix
These configurations define the rate constants, reactant exponents, and Arrhenius

parameters consistent with the kinetic data summarized in Table [4.8]

4.5.3 Mass Transfer Definition

Interfacial absorption is modeled through a volumetric source term applied
exclusively within the VOF interfacial cells. As detailed in Section and
summarized in Algorithm [I] (provided in the Appendix), the model evaluates the
local CO, mass flux based on instantaneous gas—liquid compositions, pressure, and
temperature, employing a temperature-dependent Henry constant. The liquid-side

mass-transfer coefficient, &z, o, is assumed to be spatially and temporally constant.

All numerical safeguards such as clamping/bounding of ¢, domain filtering, and
are handled within the UDF routine. The setup in ANSYS Fluent, including the

phase-interaction UDF assignment and species coupling, is shown in Figure [A.T9]

Table 4.9 Other thermodynamic, transport, and model parameters used in the
mass-transfer UDF.

Parameter Value Units Notes / source

kLo 1.24 x 1072 ms™! Physical liquid-side coefficient [40, 46].

Heprep  3.6x107%  molm~3 Pa~! Henry solubility constant at Tyer; CO2 in water
[71].

I} 2300 K Temperature dependence parameter m typ-
ical literature values for COs in water [71]].

Tret 298.15 K Henry reference temperature [71].

ao 500 m? m—3 Nominal packing specific area for Mellapak
500.Y packing.

4.6 Initialization and Boundary Conditions

The initialization and boundary conditions were defined separately for the single
phase, two-phase non-reactive, and two-phase reactive simulation sets. The single
phase cases were used exclusively for dry pressure drop calibration, whereas the
two phase cases incorporated liquid loading and explicit tracking of the gas liquid
interface. The reactive absorption cases further included liquid loading, interface

tracking, volumetric reaction kinetics, and interphase mass transfer submodels.
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4.6.1 Single Phase Boundary Conditions

For the single—phase pressure—drop simulations, the flow field was initialized using
the "Hybrid Initialization" scheme available in ANSYS Fluent. For this case,
no custom field initialization or profile mapping was applied; all variables were

initialized from the hybrid solution.

(R A A ¥

Periodic Periodic
Boundary Boundary
Condition Condition

ttt ttt

Gas In

Figure 4.6 Multiple-REU’s of Mellapak 500.Y. and associated boundary
conditions for gas pressure drop

4.6.2 Two-Phase: Non-Reactive Hydrodynamics Boundary Conditions

The first time step was resolved with a; = 0 that filled with gas at ¢ = 0. The inlet
velocity (gas-phase) defined as in terms of m/s. In liquid inlet boundary condition,
liquid injected through demonstrated region (Figure {.7] with & = 1 in terms of

mass flux. Moreover, no-slip boundary condition is applied to the surface of the
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walls in the area of interest (i.e. packing walls). Periodic boundary conditions are
assigned to the repeating section (lateral sides) of the REU Constant pressure
was applied to the domain as 1 atm. There is no liquid allowed to escape from the
gas outlet boundary. In other words liquid carry-over was prevented. Time step is
dynamically adjusted to satisfy the Courant-Friedrichs-Lewy criterion #.18}

u At

CFL = — < 1 4.18
AX — (4.18)
Figure 1.7 shows a single REU extracted from the periodically repeating section of
the packing. The lateral faces closed with periodic boundary conditions, ensuring
fully-developed flow while permitting a constant driving pressure drop AP,

across the cell.

Counter-current operation is integrated such that flue gas enters through two upper
velocity-inlet slots at superficial velocity us and leaves through the opposing
outlets, while the solvent film is introduced at the top of the corrugation via a mass-
flux inlet that applies a prescribed interfacial mass flux L and subsequently drains
from the lower edge.

Gas Out Gas Out

11111 Liquidm 11111

Periodic Periodic
Boundary Boundary
Condition Condition

TEETA ey

Gas In Gas In

Figure 4.7 Single representative elementary unit (REU) of Mellapak 500.Y. and
associated boundary conditions for two-phase studies

The equalities for the boundaries are given in the following equations,
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Liquid inlet (Blue):

u‘liq—in(x7y7 Z) = UL(xa Y, Z), ay, lig-in =1 (419)

Gas inlet (Green):

u}gas—in('r’ Ys Z) = Ug(JI, Y, Z)? ar =0 (420)

gas-in

Sides (Orange) — periodic:

$(0,y,2) = ¢(Lg,y, 2), Voe{u,ar,p, 0} (4.21)

Sides (Orange) — periodic:

d)(aj‘? y? O) - ¢(x7 y’ LZ)? v¢€{u7 aL7p7 H} (4'22)
Packing sheets (grey):

U acking walls = 0, 9‘packing walls = Owanl } Packing sheets (grey)  (4.23)

p|,,=1atm  Outlet (green) (4.24)

4.6.3 Two-Phase: Reactive Absorption Boundary Conditions

Aroonwilas [19] experimental data were used to calculate the CFD operating
conditions by employing the measured liquid loading L and gas-phase
mole-fraction change Ay. First, the column diameter D = 0.10 m was used to

compute the cross-sectional area as follows:

A, =T D2 (4.25)

Each L value (in m®/m? - h) was converted to a liquid volumetric flow rate

L

=——A,
@1 = 3500

(4.26)

and, with the known MEA concentration Cyiga = 3 kmol/m? and CO; loading o =

0.40 mol/mol [19], the liquid-phase molar flows nyga and nco, were determined.
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The experimental gas-phase change Ay then yielded the total gas molar flow via the

following equation:
NCO,

ng = Ay (4.27)
Finally, the ideal-gas law applied,
ng RT Qa
= = 4.2
QG P ’ ug Ac ) ( 8)

provided the superficial gas velocity ug and volumetric flow rate ()i for each
case, which were imposed as the CFD inlet and operating boundary conditions to

replicate the pilot-scale operating range.

As described in the previous section and illustrated in Figure the identical
boundary conditions were applied in the single-REU model. Specifically, the
gas—liquid inlet and outlet locations, as well as the periodic boundaries, follow

exactly the setup outlined above.

The velocity, volume—fraction and pressure boundary conditions are identical to
those given in Section [4.6.1}; only the species sets differ. Below, new equations are
provided exclusively for the reactive absorption boundary conditions.

Liquid inlet (blue): The entering solution contains free MEA, pre-formed

MEA-—carbamate and water:

CMEA‘liq-in = (1 — ) Cniga o,

Ccarb = ap CmeaL,

lig-in

Chz0 |liq-in = Ch,0,0, (4.29)

where Chviga o 1s the total amine concentration (kmol m~?) and « is the lean loading
(mol COy/mol MEA).

Gas inlet (green): A binary mixture of CO, and air (modelled as a single inert
component) is imposed:

= YCOs,in Yair| o = 1 = YCOm.in- (4.30)

Yco, ’ gas-in

gas-in
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Periodic boundaries (orange): Species fields obey the same periodicity applied to

the flow variables:

$5(0,y, 2) = ¢s(La, Y, 2), ¢s(z,9,0) = ¢s(,y, L),

4.31)
v gbs € {CReactant87 C’Productsa Ycoa,, yair}-

Packing walls (grey): No-flux (impermeable and non-reactive) conditions are
assumed:
1’I'VCbs‘packing walls 0, VQSS (432)

Outlet (green): A zero-gradient condition is prescribed for all species:

n-Vo,| =0, Y . (4.33)

out

Equations (4.29)-(#.33), together with the hydrodynamic boundary set, fully
define the inlet, periodic, wall and outlet constraints for the MEA—H,O/Carbamate
Bicarbonate and CO,—Air reactive absorption simulations.

4.7 Post-Processing and Derived Quantities

The definitions below describe the post-processing procedure through which the
hydrodynamic and mass transfer metrics used in this study are extracted from the
VOF fields.

4.7.1 Liquid Holdup
Below equation (4.34), hy is the cell-averaged liquid holdup, obtained by

volume-integrating the VOF liquid volume fraction o over each computational

cell. .
hL = / aj, dVv (434)
Vel

‘/cell

4.7.2 Pressure Drop per Unit

To ensure that the liquid film does not distort the result, the pressure gradient is

formed from cell-centre pressures (which are averaged) that belong exclusively to
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the pure-gas subset (o = 1) given in the following equation (4.33) that are used
both in single-phase and two-phase studies:

AP n ou
(_) _ Pg, DG out (4.35)

z z

4.7.3 Interfacial Area

In the following equation (4.36), a;,. is the specific interfacial area, defined as the

total gas—liquid interface area Sj,, normalised by the domain volume.

1
Qint = / ds (4.36)
Sint

domain
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S

RESULTS AND DISCUSSION

5.1 Single Phase Hydrodynamics

Firstly, a detailed mesh-sensitivity analysis was performed across a broad range of
gas loads.

Secondly, to minimize the computational cost and effort of two-phase simulations,
single-phase hydrodynamic analyses were first performed in order to investigate
an optimal mesh size. Since there is no consensus in the literature regarding the
face-to-face spacing (gap), number of REUs or number of Prism Layers, initial
investigations focused on pressure-drop studies. For this purpose, experimental data
and correlation parameters from Tsai [[16] were incorporated into the Stichlmair [[30]
correlation.

Lastly, the post-processing results are presented in a single figure for a mid-range

gas load.

5.1.1 Mesh Sensitivity Analysis

Mesh sensitivity analyses were performed across various parameters, including the
number of prism layers, total cell count, and the number of REUs. Although the
following section focuses on low gas loads (F, ~ 0.5-1.5), the pressure-drop range

is maintained broadly to capture the complete fluid behavior within the packing.

Grid independence was evaluated by benchmarking the predicted dry unit pressure
drop against the semi empirical correlation of Stichlmair et al. [[30] over the full gas
load range reported by Tsai [16]. With the exception of the coarsest grid, all meshes
reproduced the correlation within £20%, and the solutions obtained on the refined

grids were essentially indistinguishable.

Across all cases, the simulations captured the expected monotonic increase of AP
with F;. In particular, the three finest discretizations (3.2M, 3.5M, and 7.1M

cells) yielded pressure drop curves that practically overlap throughout the operating
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window. The corresponding deviations from the Stichlmair et al. [30] reference
remain within approximately 10% for most gas loads and show no consistent
tendency toward underprediction. The intermediate 2.4M grid exhibits slightly
larger deviation, whereas the 0.7M grid produces the largest discrepancies, most

notably at high gas loads where the error exceeds 20%.

Overall, the results indicate that the pressure drop response of the representative
packing unit can be predicted with high fidelity without employing the most
computationally expensive mesh. The close agreement between the 3.2M and
3.5M grids, together with their consistent alignment with the Stichlmair et al. [30]]
correlation, suggests that a resolution on the order of 5 x 10° cells for each REU
is sufficient for mesh independent pressure drop predictions. Further refinement to
7.1M and 13.2M cells does not provide a measurable improvement in correlation
error, while it would substantially increase computational cost. In contrast, the
pronounced overprediction observed for the 0.7M grid at high F(; indicates that
overly coarse discretization distorts the inertial contribution within the inclined
channels. Accordingly, the ~ 0.5M cells per REU grid is selected as the best

compromise between accuracy and computational efficiency.

The grid sensitivity study also highlights a change in the AP versus Fg slope
around F ~ 0.8 to 1.0, which is consistent with a transition from predominantly
laminar behavior toward transition or turbulence dominated flow in the inclined
channels. In this regime, the gas phase Reynolds number increases such that inertial
effects progressively outweigh viscous dissipation, and the A P response steepens.
The CFD results reproduce this behavior as a marked amplification of the A P—F{
characteristic, where modest increases in gas load induce a disproportionate, near
exponential rise in pressure drop, consistent with experimental observations for dry
structured packings [[16} 26l 27, 30].

Finally, experimental study [16]] reported that, even for the original air water
database, the Stichlmair et al. [30] correlation represents structured packing
hydraulics only within finite experimental scatter, with typical deviations on the
order of 10% to 20%. Therefore, the residual mismatch between the present CFD
predictions and the correlation is compatible with the intrinsic uncertainty of the

reference model.

5.1.2 Number of Prism Layers

Fig.[5.3|examines how near-wall prism layers affect the predicted dry pressure drop
in the REU of Mellapak 500.Y. All three meshes have comparable total sizes (=
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Figure 5.1 Dry unit pressure drop across different number of cells. Panel (a)

compares numerical predictions with the Stichlmair et al. [30] correlation as a

function of gas load F¢;. Panel (b) Corresponding relative deviation from the
correlation.

0.53M cells per REU) but differ in boundary-layer treatment, employing either zero,
eight, or twelve prism layers adjacent to solid surfaces. As shown in panel (a), each
mesh captures the expected monotonic rise of unit pressure drop with increasing gas
load and reproduces the overall trend of the Stichlmair correlation [30] across the
full operating range. The relative deviations in panel (b) remain within about 20%
for all gas loads and prism-layer configurations, and no consistent improvement is

observed when prism layers are introduced.

For the present REU geometry, the baseline mesh already provides near-wall
resolution at the sublayer level, with y* values on the order of two even for
the coarsest grid. Consequently, adding a dedicated boundary-layer mesh does
not materially change the predicted dry pressure drop within the tested range,
and comparisons among the 0, 8, and 12 prism-layer configurations indicate only
marginal differences in integral quantities. This outcome is consistent with earlier
REU-based studies [31} [33]], where near-wall fidelity is achieved primarily through

sufficiently fine global refinement rather than explicit inflation layers.

On this basis, the mesh without prism layers was selected as the reference
configuration for the subsequent dry-flow parametric study, since it delivers
essentially the same level of agreement with the correlation while simplifying mesh
generation. Overall, the dry-flow results suggest that once adequate bulk resolution
is attained, prism-layer addition has limited impact on the predicted unit pressure
drop.
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Figure 5.2 Effect of near-wall prism layers on the predicted dry unit pressure drop
in the Mellapak 500.Y REU. (a) Meshes with 0, 8, and 12 prism layers compared
against the Stichlmair et al. [30] correlation versus gas load F;. (b) Corresponding
relative deviation from the correlation.

5.1.3 Effect of Number of REUs

Fig. [5.3] evaluates the sensitivity of the predicted dry unit pressure drop to the
computational domain length, expressed by the number of REUs. Although the
total cell count increases by approximately a factor of six from the single REU case
to the six REU case, all configurations closely track the Stichlmair correlation [30]
and remain within roughly 20% over the investigated gas load range. Extending
the domain from one to four or six REUs primarily introduces a minor offset in the
pressure drop level, while the overall curve shape and the slope with respect to gas
load are essentially preserved.

The corresponding deviation plot in Fig. [5.3(b) indicates relative errors that
typically fall between 0 and 25 percent, without a consistent monotonic dependence
on the number of REUs. At any given gas load, the spread among the three
domain lengths is generally below about 10 percent, which is comparable to the
experimental scatter reported for dry pressure drop measurements of Mellapak
500.Y [16]. These observations support the robustness of the periodic unit cell
assumption and suggest that a single REU is sufficient to capture representative dry

gas phase hydrodynamics.

From a practical standpoint, adopting a single REU reduces the mesh size by
about a factor of six relative to the six REU domain, while yielding only marginal
gains in agreement with the correlation. Accordingly, a one REU domain is
selected for the subsequent parametric study as a balanced choice between accuracy

and computational cost, whereas extended domains may be retained for targeted
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validation cases or future two phase simulations that explicitly resolve liquid flow

and potential maldistribution.

However, it is acknowledged that reducing the number of REUs may broaden
the variability band observed in transient predictions, as shorter domains provide
less spatial averaging and can amplify instantaneous deviations. Nevertheless,
the one REU configuration is still considered appropriate for the intended pseudo
steady state comparisons, because it provides a meaningful trade off between
computational expense and accuracy for the present scope, while preserving the

correct mean pressure drop response and trends with gas load.
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Figure 5.3 Dry unit pressure drop in Mellapak 500.Y REUs with 1, 4, and 6
repeating units at similar cell counts per REU. (a) CFD predictions compared with
the Stichlmair et al. [30] correlation versus gas load F;. (b) Corresponding relative

deviation from the correlation.

5.1.4 Effect of Sheet Spacing

In previous studies [[10, /11, |33]], a face to face sheet spacing of 2 mm was commonly
adopted; however, this geometric value does not provide an adequate basis for
dry pressure drop calibration in the present idealized REU model. As shown in
Fig. 5.4 all CFD cases reproduce the expected monotonic increase of dry unit
pressure drop with gas load, yet the predicted magnitude is highly sensitive to the
assumed sheet gap. For the smallest effective spacing of 0.24 mm, the numerical
results closely follow the dry air experiments reported by Tsai [16] across the full
operating window and remain consistent with the Stichlmair correlation [30]], with
particularly good agreement at medium and high gas loads where both references

indicate a strong increase in pressure drop with Fg.
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In contrast, larger face to face distances lead to a systematic under prediction of
the pressure drop. At a spacing of 0.40 mm, the simulations capture the qualitative
trend but remain below both the experiments and the correlation, with deviations
that increase with gas load. The 2.00 mm case exhibits the largest discrepancy;
at high gas loads, the computed unit pressure drop is approximately two to three
times lower than the values suggested by Tsai [16] and Stichlmair [30]. To keep the
comparison on an equal numerical basis, the meshes were generated with similar

total cell counts.

These findings indicate that the effective sheet spacing is the dominant geometric
control parameter for dry pressure drop within the present REU representation.
The calibrated value of 0.24 mm can be interpreted as an effective spacing that
compensates for unresolved geometric details, including sheet overlap, local contact
and junction regions, manufacturing tolerances, and surface roughness, which are
not represented explicitly in the REU geometry. Therefore, a 0.24 mm face to face
sheet distance was adopted throughout this work to ensure accurate dry pressure

drop predictions.
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@ 6 REUs (Face-to-face 0.24 mm)
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Figure 5.4 Dry unit pressure drop across 6 REUs versus gas load F; for three
face-to-face sheet spacings. Markers indicate CFD results for 2.00, 0.40, and
0.24 mm, grey circles show Tsai [16] experimental data, and the gray line denotes
the Stichlmair [30]] correlation.

5.2 Two-Phase Non-Reactive Hydrodynamics

All two-phase simulations were conducted using a single-REU mesh approach in

order to speed up simulation time. The oscillated behavior of liquid was shown with
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upper, lower and an average value of the error bars for the two-phase hydrodynamics

investigation.

5.2.1 Model Selection

Accordingly, the final mesh was selected by balancing numerical accuracy and
computational cost through a grid sensitivity analysis conducted on multiple two
phase metrics, with particular attention to capillary dominated interfacial behavior.
This multi criteria approach ensured that the adopted model offers a reliable
accuracy versus cost trade off for the remainder of the study. Moreover, this
multi-metric grid sensitivity framework enables identification of the quantity that
imposes the most stringent mesh requirement, therefore demonstrating where
increased spatial resolution is most critical and where additional refinement yields

diminishing returns.

5.2.2 Mesh Sensitivity Analysis

A grid dependence test was performed for four different mesh densities,
approximately 0.26 x 106, 0.44 x 105, 0.71 x 10%, and 1.02 x 10° cells per REU.
For the first two meshes, a high near-wall resolution was maintained without prism
layers, whereas the remaining meshes employed 8 and 12 prism layers to better
resolve near-wall gradients. As highlighted in the dry pressure-drop assessment,
the base REU model already contains a relatively high cell count; therefore,
evaluating prism-layer-free configurations is computationally meaningful and does
not necessarily compromise the accuracy of the key bulk metrics. In addition,
omitting prism layers allows the time step to be chosen more flexibly while keeping
the Courant—Friedrichs—Lewy (CFL) number sufficiently low, which significantly
improves the overall computational efficiency in transient two-phase simulations.

The analysis conducted for the following sections such as:

* Liquid holdup,
* Wet pressure drop,

¢ Relative interface area.

This type of grid sensitivity analysis offers a more comprehensive approach,

particularly in identifying which sections require higher computational effort.
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5.2.2.1 Liquid Holdup Sensitivity Analysis

In the liquid holdup sensitivity analysis, Figure [5.5p, predicted liquid holdup
values are effectively mesh-independent, and the corresponding error bars in
panel Figure [5.5b. the simulation results recorded between 0.4 s and 0.8 s are
represented by error bars: the midpoint of each bar corresponds to the mean value
over this interval, while the upper and lower bounds denote the maximum and
minimum values observed within that time window, respectively. Figure [5.5] each
mesh qualifies as a valid candidate for further validation studies; M2 (0.44 x 10°

cells/REU) was selected to ensure a conservative safety margin in the validation

study.
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Figure 5.5 Liquid holdup sensitivity analysis with minimum maximum and mean
values

5.2.2.2 Wet Pressure Drop Sensitivity Analysis

The same mesh models described in the liquid holdup sensitivity analysis were
employed. The pressure drop decreases markedly as liquid discharges from
the REU, but when liquid holdup within the REU is high, the pressure drop
correspondingly increases as in the Figure [5.7n. Additionally, as shown in
Figure , mesh independence is observed between M3 and M4, whereas M1
and M2 exhibit notable discrepancies. Coarser meshes (M1 and M2) predict
significantly higher wet pressure drop values, while the finest meshes (M3 and M4)
yields the lower pressure drop. Furthermore, increasing the gas flow rate might
amplify the difference between the coarse and fine meshes, particularly between
M3-M4 and M1.

73



A _
a) A b)
A
80 A A
A A A v N A
v V
£ 601 T o v o
&‘ A 'y v e
a v ® \%
o v
9 v $ .
5 40 - 6 ¢ . Ve o ¢
u A X o
3 v
& LAY 0
N . ° o ¢
204 Y 7 e A M1 =0.26M/REU
¢ o o ¥ M2 ~0.44M/REU -
water & 25 C, Fg = 0.32, L = 50 mym?2-h, Oya1=70° ¢ M3 =071M/REU
0 ® M4 =1.02M/REU
0 : . . . . . . . .
0.2 0.4 0.6 0.8 1.0 ~ v » ¥
Time [s] < S < <

Figure 5.6 Wet pressure drop sensitivity analysis with minimum maximum and
mean values

5.2.2.3 Interface Area Sensitivity Analysis

The relative interface area exhibits behavior closely correlated with liquid holdup:
as holdup increases, the interface area increases, and vice versa. The finest
mesh (M4) with prism layers demonstrates slightly higher average and maximum
interface areas compared to the coarser mesh (M1), although the difference remains
modest. Moreover, after the interface is first wetted at 0.4 s, the second wetting
cycle around 0.7 - 0.8 s yields an even larger interface area, likely due to enhanced
surface wettability.

5.2.3 Liquid Holdup

In this section, we briefly introduce the investigation of liquid load, gas load, and
static contact angle. Among all validation metrics, liquid holdup is one of the most
commonly compared parameter. Consequently, in the two-phase hydrodynamics

part of the study, liquid holdup is selected as the primary variable for the analysis.

To benchmark liquid holdup correlations, the empirical expressions proposed by
Spiegel and Sues [2], Olujic et. al.,[23] and the geometry-based formulation
of Billet-Schultes [1], were implemented and evaluated over a representative
liquid-load range of L = 5-150 m®*m~2h~! for the properties of water at 25°C.
Figure [5.8] demonstrates this correlations in a single plot. Spiegel [2] and Oluji¢
[23]] correlate only the dynamic film holdup, whereas Billet—Schultes [1] also counts

micro-droplets and explicit gas shear, thus predicting higher values. Although
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Figure 5.7 Interface area sensitivity analysis with minimum maximum and mean
values

Mellapak 500.Y (500m?m~3) was used throughout in this study, the Mellapak
250.Y correlation was employed in the Figure [5.8] since it served as a common
basis across all three studies, corresponding to a packing type with 250 m? m—>

specific surface area.

The three literature correlations, each derived from distinct experimental databases
(as discussed in the Literature Survey section), yield regression exponents that
are not directly comparable. Billet links the liquid holdup to both Re;, and
We,, whereas Spiegel assumes a constant gas influence, and Oluji¢ introduces
a damped gas contribution within a channel-based model. Consequently, their
predictions diverge as the liquid load increases. Despite their generally similar
trends, the Billet—Schultes correlation [27]] was adopted in this study, as it explicitly

corresponds to a 500 m? m~3 packing configuration, unlike the other models.

75



—— Spiegel (1992), a =250 m?/m3 -
16 Oluji¢ (1999), a =250 m?/m3 ==
——- Billet (1999), a =250 m?/m3 e
14 A

12 A

10 1

Hold-up, h; (%)

0 20 40 60 80 100 120 140
Liquid load, L (m3m~2h1)

Figure 5.8 Three hold-up correlations compared in the range of 5-150 m3/m2-h
liquid loads [2], correlations were computed for the present study.

5.2.3.1 Effect of Liquid Load

Figures [5.9] and [5.10| present holdup versus liquid load using time-averaged values
over t = 0.40-0.85 s for water at 25°C and for 20 wt% MEA at 36°C, respectively.
For water, the CFD predictions follow the Tsai (Billet—Schultes—based) trend and
remain within +£10% of the measured means for L = 25-50 m®* m—2h~!, with a
modest under-prediction at higher L that still lies inside the experimental scatter

(see right-hand error panels).
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Figure 5.9 Effect of liquid load on holdup compared with correlation by Tsai
based on Billet—Schultes [/1, [16]].
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For the MEA system (Fig. [5.10), the CFD simulations reproduce the increasing
trend of A with L in a consistent manner, based on time-averaged values over
the selected sampling window, showing close agreement with the Billet-Schultes
correlation at certain operating points and deviations of up to approximately 10
percent at higher liquid loads.

As elaborated in the Static Contact Angle section, decreasing the static contact
angle reduces the observed interfacial angle and holdup; this wettability sensitivity
accounts for a significant part of the residual bias. Despite short-time oscillations
(occasionally up to +30%), the window-averaged holdup provides a stable and

meaningful quantity for validation against correlation-based references in both

systems.
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Figure 5.10 Effect of liquid load on holdup compared with correlation by
Billet—Schultes for 20%wt MEA at 36°C []1]].

5.2.3.2 Effect of Gas Load
Studies such as [2, 16, [27] indicate that liquid holdup is generally insensitive to

alteration in gas loads. However, once the gas load surpasses a critical threshold,
flooding phenomena may occur (see Literature Review for detailed discussion). As
shown in Fig.[5.TT] CFD results reproduce this behavior, with time-averaged holdup

values remaining within a £10% error band.

Although the mean holdup h;, percentage remains essentially constant across the
studied gas-load interval, the minimum and maximum holdup values of the data

grows beyond F, = 0.9 ms~!(kgm?)%°

, consequently, the widening error band is
consistent with the onset of wave-induced film fluctuations reported by Billet [27]]

and the CFD results reported in the attachments such as in the Fig[A.12]
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Figure 5.11 Effect of gas load on liquid holdup compared with correlation by Tsai
based on Billet—Schultes [/1}|16]]

5.2.3.3 Effect of Static Contact Angle

The static contact angle governs the initial wetting behavior: lower static contact
angles increase film formation and slightly higher holdup, while higher values limit
liquid spread on the packing surface. In dynamic conditions, the contact angle
increases with the local capillary number, leading to short drying and oscillatory
fluctuations in the liquid film. Despite these transients, the time-averaged holdup
remains largely unaffected, indicating that dynamic contact-angle effects introduce

only minor deviations (< 5%) around the baseline set by the static angle.

CFD results demonstrate the expected behavior: as shown in Fig.[5.12] reducing the
wall-liquid contact angle produces an increasing holdup trend within the packing.
Simulations at a static contact angle of 70° match the validation curve more closely
than those at 45° and 30° for the operating case. Appendix Figs. and[A.§|exhibit
irregular, non-physical holdup distributions at the lower angles, whereas Fig. [A.5]

shows the expected rivulet structures on the packing surface.
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Figure 5.12 Effect of static wall contact angle on liquid holdup compared with
correlation by Tsai based on Billet—Schultes []1,|16]

Moreover, the surface patterns on the packing (see in the first section Fig. [I.4] and
Fig. are specifically designed to reduce the contact angle. Since these small
features are not explicitly represented in the CFD mesh, their influence is applied

by especially adjusting the static contact angle parameter.

The altered film thickness resulting from contact angle variation has a direct
impact on mass-transfer performance. Thicker liquid films increase the interfacial
area, which can enhance overall mass-transfer coefficients and reduce the HETP.
Ultimately, this shows importance of capturing lower contact-angle behavior in

structured packings.

5.2.3.4 Effect of Dynamic Contact Angle

The influence of static and dynamic wall-contact angles on the flow field and on the
derived bulk metrics such as liquid holdup and interfacial area was examined from
both quantitative and qualitative manner[/10, {15 [33|]. Snapshots taken at 0.8, 0.9,
and 1.0 s are compiled in Figure [5.13}

* Figure employs a static contact angle of 6, = 70° without any
user-defined function (UDF). Because the ensuing bulk-flow results differed
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only marginally from the dynamic cases, this configuration is retained

throughout the remainder of the thesis.

* Figure [5.13p represents a dynamic, advancing scenario in which the contact
angle is increased to Oy, = 70° 4+ 10° via a dedicated UDF, yielding an
effective wall angle of roughly 80° and thus accentuating the advancing

behaviour.

e Figure depicts a fully dynamic model with 0,; = 70° & 10°, enabling
simultaneous assessment of both advancing and receding effects.

Static Advancing Advancing/Receding
Byai=70° B.ai=70°+10° 04a1=70°£10°

t=0.80s

t=0.90s

J
J
4

Figure 5.13 Static contact angle and dynamic contact angle comparison between
0.8s-1.0s: iso-surface at a = 0.5

Although the DCA model was successfully implemented and verified, the overall
impact on key macroscopic parameters such as holdup (Fig. [5.14) and interface area
(Fig. [5.15) remained marginal. This suggests that under the studied flow regime, the
capillary number remains sufficiently low (Ca < 0.01), demonstrating the dynamic
variation of contact angle relatively minor. Consequently, the system behavior is
averaged to the near-constant effective contact angle, and DCA exhibits limited

influence on bulk flow characteristics.
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Figure 5.14 Dynamic contact angle and static contact angle comparison for holdup
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Figure 5.15 Dynamic contact angle and static contact angle comparison for
relative interface area

5.2.4 Wet Pressure Drop

In this section, we extend the discussion from dry-gas hydrodynamics to the
more computationally demanding wet-gas pressure drop. While dry-gas behavior
is well documented in both CFD and experimental studies, detailed parametric
CFD analyses of wet pressure drop are still lacking. The following bullet points

summarize our approach:
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* Dry-gas pressure was discussed with the results in the Single Phase
Hydrodynamics section, where the face-to-face spacing of the number of
REU’s calibrated. In the literature there are many experimental investigations
of dry gas pressure that are discussed in detail in the hydrodynamics chapter
of the literature survey. However, parametric CFD studies addressing wet
pressure drop remain scarce. This is due to the substantial computational
effort required, since wet pressure drop analyses are computationally

intensive.

* Nonetheless, wet pressure drop is a critical parameter for packed-column
performance, since an operating column is never perfectly dry and always
involves liquid—gas interactions. As liquid holdup increases, the void space
available for gas flow through the structural packing narrows, leading to
an increase in pressure drop. In this section, discrete point studies were
performed to identify optimal modeling parameters and validate them against

existing data.

* For the calculation of wet-gas pressure drop, we adopted a methodology
based on the inlet and outlet planes of the REU’s. Cells with liquid volume
fraction o = 0 were treated as pure gas, and the pressure difference between

the REU boundaries was computed accordingly.

5.2.4.1 Effect of Liquid Load
In most published correlations [16, 30], the effect of varying liquid load on

gas-phase pressure drop is not incorporated into the governing equations (see eqn.
However, as shown in Fig. despite this common situation, increasing
the liquid load from L = 25m3/m?h to L = 50m?/m?h results in a nominal
pressure-drop increase of approximately 17%. Moreover, a further rise from L = 50

to 75 m3/m? h produces an additional, statistically significant increase of about 18%.

5.2.4.2 Effect of Gas Load

Although our CFD predictions show a certain percentage deviation from Tsai’s
experimental measurements and correlation, they reproduce the same exponential
trend of increasing pressure drop with rising gas velocity (Fig. [5.17). It should be
denoted that Tsai’s final data point reveals the onset of flooding at very high gas

loads.

Mesh-dependence analysis indicates that finer grids (M3 and M4) produce
pressure-drop values for F, = 0.32 at L = 50 m*/m?* h that are 30-40% lower—and
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Figure 5.16 Effect of liquid load on pressure drop compared with correlation by
Tsai based on Stichlmair [16 [30]]

therefore in closer agreement with the correlation—than the coarser M2 mesh. This
finding underscores the importance of using high-resolution meshes (>0.7 million

cells per REU) specifically in wet-pressure-drop simulations.

The span between minimum and maximum pressure-drop results under a
single-REU setup displays considerable scatter, as shown by the error bars
in Fig. 5.17, While the single-phase hydrodynamics study confirmed REU
independence, the wet-pressure-drop analysis remains highly sensitive to REU
choice. Thus, when liquid holdup decreases in a single REU’s boundary, pressure
drop oscillates exponentially. Adopting multiple REU’s would dampen these
oscillations and yield more stable predictions.
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Figure 5.17 Effect of gas load on pressure drop compared with correlation by Tsai
based on Stichlmair [[16, (30]
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5.2.4.3 Effect of Contact Angle

The static wall contact angle was identified as another critical parameter influencing
wet pressure drop. In CFD simulations at 25 °C with water, contact angles of
30°, 45°, and 70° were tested, and the 70° case yielded the closest agreement
with expected pressure-drop behavior. At lower angles (45° in Fig. and 30°
in Fig.[A.§), rivulet formation is inhibited, the liquid film is overly dispersed, and
realistic pressure drops could not develop. These observations are demonstrated
in Fig. [5.18] Since the contact angles of 30° and 45° are higher than 100% error,

therefore they are not shown in the error bar.
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Figure 5.18 Effect of gas load on pressure drop compared with correlation by Tsai
based on Stichlmair [[16, 30]]

5.2.5 Interface Area

5.2.5.1 Effect of Liquid Load

Figure[5.19 shows our CFD-based relative interface areas with the frequently cited
correlations in the literature. In this Figure, The left panel plots the dimensionless
interface area a;n/a, as a function of liquid load L, while the right panel reports

the corresponding percentage error with respect to the empirical fit of Schug’s

measurements.

All data sets exhibit the expected a rise in interfacial area as L increases, confirming

that a higher liquid throughput promotes film thickening and rivulet formation.

The apparent spread in the fractional area o = ae/a, originates from four

fundamental differences in experimental strategy and model construction
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Since Billet-Schultes [27] extracted aey indirectly by regressing overall
mass-transfer data from ~2600 column runs. The resulting correlation, embeds
both hydraulic and physico-chemical effects, so any systematic bias in kj, is
automatically absorbed into the correlation. Note that Billet’s data is dominated
by low-tension distillation mixtures (such as hydrocarbons) therefore the direct
comparison might alter than the real comparison. Tsai [64] measured a.; via
CO,/NaOH absorption, then fitted a dimensionless power law that collapses
liquid Weber and Froude numbers. The approach decouples film properties from
mass-transfer coefficients, but packs all geometric complexity into a single length
scale, so fine textures or partial wetting might not be captured. Moreover, Tsai
employed mid-high surface tension solvents (30-72 mN m™!) therefore their
correlation might not align with very low tension solvents. Schug [[18]] employed
high resolution X-ray CT to count wetted pixels and calculate interface area
accordingly. Since Schug employed Mellapak 500.Y. in their study, therefore
implementing experimental data to this study is valuable. The X-ray CT technique
reveals dead zones and rivulet formation bridges driving lower than Tsai’s
correlation. Further, Schug used Isopropanol and Water in their experiments that
aligns with this study and capture interface area well. Ultimately, compared studies
answer different questions: Billet-Schultes [27] delivers a correlation to be tuned
to estimate overall column efficiency; Tsai supplies a physics-clean scaling law for
aqueous absorbers; Schug uncovers the true interfacial area inside the structural
packing. The CFD results discussed here is naturally aligning with closest Billet
and Schug. The study overshoots Tsai which might be high Weber numbers that
push the correlation beyond its calibration. Consequently, the study which seemed

consistent with the methodological approach disccussed above.

In CFD results three iso-surface thresholds were demonstrated to parameterize
gas—liquid interface, o = 0.5 (blue circles), 0.3 (orange squares) and 0.1 (green

triangles).

* The iso-surface cut-off & = 0.1 remains close to £10 % of Schug’s fit over
the entire L range. Although the fit and our study remained close, the physical

realism might not be captured well due to exaggerated interface demonstrated

in the Fig. and Fig.

* Increasing the threshold progressively incorporates increasing rivulet flows,
inflating the calculated area. The iso-surface cut-off @« = 0.3 remained
close the the iso-surface cut-off o = 0.5, therefore both of the cut-offs close

agreement with Billet-Schultes [27]] correlation.
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As a result, selecting an interface criterion is therefore substantial; iso-surface o =
0.5 shows a practical balance in physical realism, whereas lower iso-surface area

should be further considered for studies explicitly targeting dispersed droplets or

entrainment.
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Figure 5.19 Effect of liquid load on interface area compared with correlations by
Tsai [64], Billet-Schultes [27]],Schug [18] depending on different iso-surfaces

5.2.5.2 Effect of Gas Load
In Fig. in-line and expected with the literature, no statistically significant

change in the relative interface area is observed over the investigated gas-load range
(F, = 0.30-1.36 ms~!(kgm™2)%) at a fixed liquid rate of L = 50 m® m~2h~'.
The CFD-predicted values cluster close around the Billet—Schultes correlation [27]
evaluated for the given operating point. Assuming a wall static contact angle of
Owanl = 70° for water at 25 °C yields the smallest deviation (within +10%) from
the Billet—Schultes benchmark, validating this choice for subsequent simulations.
Furthermore, although the Single-REU model adapted, low oscillating behavior in
error bars (< 20%) across all F, levels demonstrate that the Single-REU model
could be a good candidate for especially interfacial area determination in CFD

studies.

5.2.5.3 Effect of Contact Angle

Diminishing 6. to 30° increases the predicted interface area by roughly 2.4 times,

bringing it closer to the capillary-driven relationship reported by [64], however,
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Figure 5.20 Effect of gas load on interface area compared with Billet-Schultes [27]]

this scenario simultaneously produces unrealistically high holdup and high pressure
drop for water in Mellapak 500.Y. An intermediate angle of 45° offers a more
balanced outcome but still overpredicts interface area (approximately 0.40 m? m~—2)
and can exaggerate rivulet formation. The reference case of 6,,.; = 70° aligns best
with Billet—Schultes [27], reinforcing it as the most realistic setting for water at
25 °C on this packing. Moreover, a £5° perturbation around the 70° baseline alters
the interface-area prediction by less than 5%, indicating that modest uncertainties

on model accuracy especially in interfacial area.
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Figure 5.21 Effect of wall static contact angle on interface area compared with
Billet-Schultes [27]]
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5.3 Two-Phase Reactive CO,-MEA Absorption

In this section, the results of reactive CO,—MEA absorption are examined. The
chemical reactions and corresponding kinetic rates applied during the simulations
are presented in Section [3.3.3] while the thermophysical property models are
described in Section The developed mass transfer methodology was
implemented into ANSYS Fluent through a user-defined function (UDF), as
detailed in Section 4.5.11

A mesh sensitivity analysis was performed using the K sa. metric for the case with
the highest liquid loading, while keeping some mesh parameters constant. The
mesh resolution was selected to balance accuracy and computational cost optimally.
Furthermore, operational parameters were calculated from literature sources in
order to compare with the appropriate literature source. The sensitivity of selected
parameters, such as the wall contact angle, was also investigated. The model results

compared with literature Ka,. values.

Moreover, the interfacial area was reported separately, allowing direct evaluation
of the overall mass-transfer coefficient Ka. under the assumption that a, = ajyt.
Finally, the obtained a;,; and a. values were compared with literature correlations
through tabulated results, highlighting the order of magnitude and consistency of
the present findings.

5.3.1 Mesh Sensitivity Analysis
In the Figure mesh sensitivity summary given for K a.. All meshes used

identical numerics in Fluent Meshing: prism-layer growth factor = 1.1 with layers
grown only on REU wall surfaces, global Courant number set to ~ 0.5, and
simulation time has been conducted to reach 1.5s simulation time. Grid size and
near-wall resolution increase from M1 to M5. The number of cells contained in
each mesh are: M1 =~ 0.19M, M2 =~ 0.51M, M3 =~ 0.76M, M4 =~ 1.12M, M5

~ 2.22M cells. Prism-layer settings vary as:

* MI1-M2: 7 layers (first-layer AR = 2)
e M3-M4: 9 layers (first-layer AR = 3)

e M5: 12 layers (first-layer AR = 3)

It was observed that the convergence time in the simulations increased particularly

for cases where cells contained nonzero volume fractions of the liquid phase
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(VOF > 0). This occurs because additional iterations are required to resolve the
interfacial dynamics within these cells. Consequently, cases with higher liquid loads
exhibited larger numbers of inner iterations per time step. Moreover, increasing the
superficial gas velocity also led to longer convergence times. As shown in the CFL
condition (see Eq. [4.18), when the Courant number is adaptively maintained at a
constant value, a higher velocity u necessitates a smaller time step At. Additionally,
refinement of the computational mesh decreases the spatial step Ax, which in turn
further reduces the allowable time step size and thus affects the overall convergence

rate. Approximate wall-clock times were given in the Fig. which is conducted

35
©- Pseudo-steady state time | 14
9 Kjae (min mean max) ’
‘v 30 A )
3 1.2
R I
> 25 oy
o~ L ©
— 1.0 <
o] —
v 201 c
£ r0.8m
° £
T 15 - =
17 : L 0.6 €
z X
z i §
% 107 + © s (04X
o
hel (@)
=]
]
gL 51 0.2
Q 20% wt MEA at 36°C, Fg = 0.3, L = 22.91 m¥m?-h, Bya=20°
@) Processor: AMD Ryzen 7950X Desktop, 16 CPU cores, = 5.0GHz
O T T T T T 0-0
@Q ’8& '\@\ «9’@ 'L"’Q
'Q. ,Q« 'Q. /N« ,f‘/«
™
NN\ L N ®©

Figure 5.22 Effect of number of cells to the mass transfer of REU

with Ryzen 7950X - 16 physical core.

Considering all factors discussed above, an optimal mesh configuration was
selected to achieve a balance between computational accuracy and convergence
efficiency.  Predicted Kja. results showed that diminishing changes with
refinement, suggesting a near-plateau by M3, while M4 and M5 mesh cases
yields only marginal improvement at substantially higher cost. Thus, mesh M3
was adopted as the reference grid because it demonstrates the better balance
between computational cost and accuracy, yielding near-converged predictions
while requiring markedly less wall-clock time than M4 (~13 days) and M5 (~30
days).
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Figure[5.22]also indicates a systematic grid effect on K ja.. The coarser meshes (M1
and M2) predict substantially larger K a. values, whereas the change from M3 to
MS5 is comparatively small. This behavior is consistent with VOF based interface
capturing, where insufficient spatial resolution can smear the interface and increase
numerical diffusion, which artificially enhances the apparent interfacial transport.
Accordingly, M1 and M2 should be treated as overpredictive for reactive absorption,
while M3 provides a practical near converged estimate at a feasible computational

cost.

Across the five mesh levels (M1-M5), the time traces over 0 < t < 1 s show that
the relative interfacial area a;,; as shown in Fig[5.23] follows a consistent transient
toward a quasi-steady plateau. The outlet CO, mole fraction remains bounded
between ~ (0.0191 and 0.0196. M1-M2 meshes demonstrated poor performance
on grid-sensitivty analysis according to the parameters investigated. A broad range
of cells swept (~ 0.2 to 2.22 million cells) confirms mesh-independent trends for

all reported quantities.

A small but systematic phase lag is observed between the hydrodynamic indicator
and the outlet based mass transfer metrics. The relative interfacial area a;,; reaches
its plateau earlier (typically around ¢ ~ 0.50 — 0.60 s), whereas K a. and yco, out
approach a quasi steady level later (after around ¢ ~ 0.7 s). This delay is physically
expected because aiy is a local hydrodynamic quantity, while K a. and especially
Yco,.0ut are evaluated at the packing outlet and therefore include a convective
transport time for the CO, fed from the inlet to reach the outlet plane. A simple

time of flight estimate gives

tsE:MzZL.?x 1072, (5.1)

ug  0.30ms!
indicating that outlet based quantities should respond with a finite lag even after
ainy has stabilized. Additional numerical and physical factors (species transport,
interfacial renewal, and transient development) can further broaden this response,
hence the later stabilization of K,a. and yco, out 1S consistent with the physical

fluid behavior.

A consistent ranking is observed across the three reported quantities. Meshes
that yield larger ai, also yield larger K,a. and a lower yco,ou, indicating
higher predicted absorption. Along with the consistency discussed above, across
Qint, Kgae, and Yoo, oue provides an internal physical cross check of the coupled

hydrodynamics and mass transfer response to grid refinement.
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Figure 5.23 Reactive absorption sensitivity analysis comparing K a. with a;,; and
the CO, outlet mole fraction over a 1.0s interval. Time-averaged values (grayed
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Operating conditions were L = 22.91m* m~?h~! and F, = 0.3ms™ ', using
20 wt% MEA at 36 °C.
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5.3.2 Transient Development of Reactive Absorption

Figure [5.24] demonstrates three consecutive snapshots (t = 0.80, 0.90 and 1.00 s)
of the two—phase flow field inside single REU Mellapak 500.Y model. The gray
surface represents the surface of the sheet, the blue map the instantaneous liquid
volume fraction (ay, iso-surface at 0.5), and the brown to yellow streamlines gas
phase CO; (15% mole/mole)-Air mixture. Streamlines are colored by the local CO,

mole fraction, as indicated by the color bar.

Throughout the three frames the liquid forms a spatially continuous, film flow
(periodical on the z-axis) interrupted by thicker rivulets and droplet residues due
to the surface tension and static wall contact angle. In the figure, quasi—steady state
has been reached since there is reduced oscillation behavior in: holdup, interface
area and CO, outlet mole fraction. This observation is consistent with the earlier
holdup behavior reported in the section where the two phase hydrodynamic results

discussed.

The streamlines originate at the column bottom (high yco,, brown) and rise upwards
while gradually turning yellow—white, demonstrating CO, absorption into the liquid
film. The color transition is smooth and monotonic near the liquid film surface,
implying the a realistic behavior in absorption. Moreover, near the sheet face to face
region (optimum distance for single REU modeling is discussed in dry pressure drop
section) showing how the corrugation promotes lateral mixing and renews between

bulk and surface interface.

The figure corroborates three key mechanistic insights:

* A largely wetted sheet surface with localized rivulet thickening and droplet

remnants.

* Progressive CO, depletion along gas flow paths in proximity to the liquid
film.

 Lateral redistribution of gas streamlines induced by the corrugated channel

geometry.

* The face-to-face sheet alignment promotes gas mixing and enhances

turbulence, improving phase interaction.

These observations strengthen the validity of the CFD model for gas absorption
along with discussed holdup and interface area.
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Figure 5.24 Transient reactive absorption for single REU: Streamlines, liquid
volume fraction (a;, = 0.5) and CO, absorption for 0.8, 0.9 and 1.0s (MEA ~20%
wt. at 36°C, 0,0y = 50°, L = 23 m*m2h, F, = 1.3, m/s (kg/m?*)°®)

5.3.3 Effective and Interfacial Area

The CFD-predicted effective interfacial area (normalized) increases monotonically
with liquid load L over 3.82 —22.91 m®*m~2h~!, and falls within the envelope
delimited by correlations (Billet—Schultes, Tsai, Bravo—Rocha—Fair, and Brito).
Quantitatively, the CFD curve tracks closest to Billet—Schultes at low—to—moderate
L, whereas Tsai tends to anticipate higher wetting (larger relative areas) across the
range; Bravo—Rocha—Fair and Brito bound the lower side of the envelope at portions
of the domain. Overall, the CFD trend corroborates literature expectations—area
growth with increasing L and no anomalous departures—supporting the physical
plausibility of the simulated film hydrodynamics for MEA ~ 20 wt% at 36°C.

Relative effective interfacial area (a./ag) versus liquid load L for MEA ~ 20 wt%
at 36°C. Literature correlations 29,351 |64] are compared against CFD-derived
aint; the CFD points fall between the Billet—Schultes and Brito trends over given
operating liquid loads.

The CFD results in Figure[5.25|show a monotonic increase of the relative interfacial
area with liquid load L, with a gradually decreasing slope at higher L. This concave
trend is consistent with progressive wetting of additional surface at low L, followed
by an approach toward a more saturated wetting state where further increases in L

provide diminishing gains in newly wetted area.

Importantly, the quantity reported here as a;,; is obtained from a VOF based
interface identification and therefore depends on the adopted interface definition.

When the interface is extracted using an oy, = 0.5 iso surface, the resulting area
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Figure 5.25 Comparison for calculated a. values [27,[29, 35, |64] and the CFD
Results a;,; across liquid load of L = 3.82 — 22.91 m*m—2h

tends to be more geometric and may fall closer to correlations that predict lower
effective wetting. In contrast, using a broader phase fraction cut, ain < ap < Qmax
with api, = 0.01 and oy = 0.99, includes a wider interfacial region and can shift
the reported area toward higher values. This shift is further discussed in the previous
Section [5.2.5] and demonstrated the sensitivity in the Figure [5.19] Therefore, in
the present work a;,; should be interpreted as an effective proxy linked to the
numerical interface representation rather than a strict equivalent of the correlation
based effective area a.. Consequently, the comparison against literature correlations
is used primarily to assess trend consistency and order of magnitude, rather than to

assert a one to one equality a;y; = a..

5.3.4 Overall Mass Transfer Coefficient

Figure [5.26] shows that our mesh was tailored to resolve the thin-film regime at
moderate to high liquid loads (discussed in the hydrodynamics section), leading to

excellent agreement with the experimental trend for the operation.

The comparison in Figure [5.26] indicates a consistent, but moderate, negative

deviation of the CFD-predicted K,a. from the experimental measurements of
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Figure 5.26 Comparison of calculated K a. values [kmolm > h~! kPa~'] with
experimental data from Aroonwilas [19]]

Aroonwilas et al. [[19]. The magnitude of this deviation is larger at the low-L end

of the investigated range and becomes progressively smaller as L increases.

Such load-dependent bias is physically plausible because, under low liquid loads,
interfacial coverage is more likely to be spatially heterogeneous and intermittently

renewed, and the resulting mass-transfer response can be sensitive to:

* partial-wetting behavior,
¢ thin-film thickness distributions, and

¢ Jocal interfacial renewal mechanisms.

In the present framework, these effects are represented through an effective
contact-angle specification and a finite interface resolution inherent to the VOF
formulation, which may not fully resolve the smallest-scale interfacial features
governing transport at low L. Nevertheless, the CFD results reproduce the
experimentally observed monotonic increase of /i a. with increasing L and remain
within the correct order of magnitude over the full operating window, supporting

the predictive consistency of the implemented reactive absorption methodology.
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A further point is that the near-wall mesh requirement can depend on the liquid load.
In VOF-based reactive absorption, the controlling gradients are concentrated close
to the wall and around the gas—liquid interface, so a very fine local resolution may
be needed. This means that a single mesh design may not be equally suitable for
all operating conditions. At low liquid loads, wetting can be patchy and the liquid
may appear as thin films or rivulets, so a finer mesh directly at the wall and around
the interface is often required to represent the local wetting pattern. At higher liquid
loads, the liquid film becomes thicker and more continuous, and important gradients
can extend farther from the wall, so additional refinement slightly away from the
wall may become more effective. Overall, the observed load-dependent deviation is
consistent with the idea that mesh requirements are not independent of L, and that

a load-aware meshing strategy can improve consistency across the operating range.

Additional modeling simplifications may also contribute to the observed
underprediction. First, constant thermophysical properties were applied along the
packing height. In reality, temperature and composition can vary due to absorption
and reaction, which may change viscosity, diffusivity, Henry’s constant, and thus
the effective mass-transfer rates. Neglecting these axial variations can therefore
introduce a bias in Kja., particularly when the experimental system experiences
measurable property changes along the column. Second, the present simulations
were performed on a single REU rather than a full-column geometry. While the
REU approach is efficient and captures local sheet-scale hydrodynamics, it cannot
fully reproduce column-scale effects such as inlet maldistribution, large-scale flow
reorganization, and axial development of the gas—liquid contact. These effects may
increase the effective interfacial renewal in experiments and can lead to higher

measured K a. compared to an idealized periodic REU representation.

As discussed in the literature, perforations can promote additional wetting and
rivulet formation on the sheet surface, therefore increasing the available interfacial
area and enhancing surface renewal. Bertling [32] reported that such features can
measurably increase wetting and generate additional film structures and surface
area. Since this mechanism was neglected here, a reduction in the predicted K a,

relative to experiments is expected.

Finally, additional uncertainty may originate from the way the experimental
Kg,a. values are obtained from Aroonwilas et al. [19]. These values are
typically back-calculated from measured inlet—outlet compositions using auxiliary
assumptions and estimated inputs. Any uncertainty in the reported operating
conditions or in the supporting correlations used during the back-calculation

propagates directly into the inferred K a.. Moreover, because parts of the original
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data set are not fully specified in the open literature, some of the inputs required to
reproduce the experiments had to be approximated in the present work as discussed
in the Appendix Section [A.5.2] Such approximations can lead to a residual
mismatch even if the CFD model captures the correct trends, and they should be
considered when interpreting the remaining deviation between CFD predictions and

the experimental reference.
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6

CONCLUSION

This thesis developed and validated a structure-resolved CFD framework for a REU
of Sulzer Mellapak 500.Y, directly linking packing geometry to the underlying

hydrodynamics and reactive mass transfer in a physics-based manner.

Key findings can be concluded:

e The CFD simulations were able to reproduce the main hydrodynamic
characteristics of Mellapak 500Y. Film flow, liquid holdup, and wetting
patterns followed the expected behavior, while pressure drop predictions

turned out to be strongly dependent on mesh sensitivity.

* Transient VOF simulations captured liquid holdup, wet pressure drop, and
interfacial area with consistent dependencies on L, F,, and wall contact angle.
Using a dynamic contact-angle were not measurably affected Ay and ay.

Thus, static wall contact angle adopted agreed with the literature studies.

* The coupled mass transfer and reaction within VOF setup reproduced the
expected trends of Kga. versus L and solvent loading for CO,—MEA,
yielding a good consistency with experimental baselines and demonstrating
that interface-resolved CFD can cover transport phenomena performance

metrics.

The key original contributions of this thesis can be summarized as follows:

* A systematic optimization of the face-to-face sheet spacing was performed
for the single-phase flow domain, which had not been previously addressed
in the literature for Mellapak-type packings.

* The wet pressure drop and associated hydrodynamics of two-phase flow
were investigated for the first time within this geometry, providing a direct

CFD-based linkage between gas—liquid distribution and pressure losses.
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A mechanistic, interface-resolved CO, rigorous mass transfer model was
implemented within the VOF framework and applied to Mellapak 500.Y
structured packing representing the first rigorous CFD study of reactive

absorption in such REU configuration.

The main limitations of the present study can be summarized as follows:

Although the two-phase domain computed in single-REU approach, the

transient solution still demands substantial computational resources.

The simplified sheet geometry neglects embossing and perforation features,
which suppress the development of rivulets or surface waves that would
normally enhance interfacial area in real packings. Consequently, both local
hydrodynamics and mass-transfer surface activation may be underestimated

in this idealized REU configuration.

Due to the grid resolution constraints, the internal liquid turbulence within
thin films could not be fully resolved. Consequently, the enhancement factor
did not emerge naturally when the reaction was activated and was therefore

explicitly implemented along with the developed UDF model.

Constant thermophysical properties were used along the packing height. In
practical operation, temperature and composition may vary axially, which can
affect viscosity, diffusivity, solubility, and reaction kinetics; neglecting these

variations may introduce deviations in the predicted K ja..

The REU framework represents an idealized periodic section of the packing
and does not capture column-scale effects such as inlet maldistribution,
large-scale flow redistribution, and axial development of gas—liquid contact.
These non-idealities can influence the experimentally observed effective

interfacial renewal and thus K ja..

For scaled-up columns, the variation of material properties along the column
height becomes significant; in this study, the short column length minimizes

such effects.

The outlook and future recommendations can be summarized as follows:

Extend the geometric realism by incorporating embossing, perforations, and
sheet joints, and quantify their influence on hy, a., and Kga.; include partial

wetting and surface roughness effects through dedicated submodels.
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e The current configuration with stacked REUs imposes limited liquid
distribution; hence, the framework can be extended to a full-scale column

to capture large-scale flow development.

e Implement a non-ideal solution property framework (including binary
interaction effects) to enable composition-dependent thermophysical
properties and more realistic axial variation of mixture behavior along the

column height.

* Future work may also investigate flooding and entrainment phenomena under

higher gas loads.

Overall, the study shows that once dry-gas behavior is calibrated, a single-REU,
interface-resolving CFD model can estimate the coupled hydrodynamics and
reactive absorption of structured packings with the right trends and magnitudes,

offering an expandable tool for packing screening, design, and future scale-up.
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APPENDIX

A.1 Snapshots of Single-Phase Gas Flow

Geometry of the domain is shown in the Figures [A.TJA.2] [A.3] composed of four
planar sections labeled as A, B, C, and D. The overall dimensions are X = 5.88 X
102m, Y = 888 x 1072m, and Z = 6.22 x 10~3m. Section C is located at
y = 7.074 x 1072 m, and section d is located at y = 1.41 x 10~2m. Sections
A and B coincide with the mid-planes at z = Z/2 and x = X/2, respectively.
CFD-results of absolute pressure distribution (Pa) in each section[A.T| CFD-results
of velocity gradient distribution (m/s) in each section[A.2] CFD-results of turbulent
kinetic energy distribution m?/s?) in each section were given.
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Figure A.1 Pressure contour of single-phase sectioned view for six-REUs at
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A.2 Snapshots of Transient Liquid Flow Development

0.05s

0.10s

0.15s

0.20s

0.25s
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0.95s

1.00s

Py |

Figure A.4 Two-phase liquid flow streams for 0.05 s to 1.00 s (Water at 25°C,

Owar = 70°, L = 25 m*hm ™2, F, = 0.3, m/s (kg/m?*)*°h)
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0.05s 0.10s 0.15s 0.20s 0.25s

Figure A.5 Two-phase liquid flow streams for 0.05 s to 1.00 s (Water at 25°C,
Bt = T0°, L = 50 mPhm ™2, F, = 0.3, m/s (kg/m®)**h)
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Figure A.6 Two-phase liquid flow streams for 0.40 s to 0.85 s (Water at 25°C,
ewall = 700, L =175 m3hm_2’ Fg = 03, m/s (kg/mg)OSh)

0.40s 0.45s 0.50s 0.55s 0.60 s

0.75s 0.80s 0.85s

Figure A.7 Two-phase liquid flow streams for 0.40 s to 0.85 s (Water at 25°C,
Owan = 45°, L =75 m3hm_27 Fg = 0.3, m/s (kg/m3)05h)
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Figure A.8 Two-phase liquid flow streams for 0.40 s to 0.60 s (Water at 25°C,
Owann = 30°, L =75 m3hm_2’ Fg = 0.3, m/s (kg/m3)05h)

0.40s 0.45s 0.50 s 0.55s 0.60 s

Figure A.9 Two-phase liquid flow streams for 0.40 s to 0.85 s (Water at 25°C,
Owar = 70°, L =50 m*m~2h, F, = 0.633, m/s (kg/m>)*°h)
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0.75s

0.80s

0.85s

Figure A.10 Two-phase liquid flow streams for 0.40 s to 0.85 s (Water at 25°C,
Ouwan = T0°, L = 50 mPm~2h, F, = 0.900, m/s (kg/m?)"5h)
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0.45s

0.50s

0.55s
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0.65s

0.70 s

0.75s

0.80 s

0.85s

s

Figure A.11 Two-phase liquid flow streams for 0.40 s to 0.85 s (Water at 25°C,
Owanr = 70°, L =50 m3m~2h, F, = 1.084, m/s (kg/m>)*°h)
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0.60 s

0.65s 0.70 s 0.75s 0.80s

Figure A.12 Two-phase liquid flow streams for 0.40 s to 0.85 s (Water at 25°C,
Owan = 70°, L =50 m*m~2h, F; = 1.355, m/s (kg/m?)**h)

Figure A.13 Two-phase liquid flow streams for 0.40 s to 0.85 s (Water at 25°C,
Owan = 70°, L = 50 m*m~—2h, F, = 0.3, m/s (kg/m?)*°h)
at iso-surface o = 0.3
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Figure A.14 Two-phase liquid flow streams for 0.40 s to 0.85 s (Water at 25°C,
Owan = 70°, L = 50 m3m™=2h, F, = 0.3, m/s (kg/m?)*5h)
at iso-surface o = 0.1
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A.3 Snapshots of Reactive Gas-Liquid Flow Evolution

0.30s 0.35s 0.40s 0.45s 0.50s

1.05s 1.10s 115s 1.20s CO2 Mole Frac.  Liquid Vol. Frac.
0.1482 1
0.1488 0.75
0.1494 05
0.1499 0.25
0.1505 0

Figure A.15 Reactive absorption for 0.30 s to 1.2 s (MEA ~20% wt. at 36°C,
Owar = 50°, L = 23 m*m~2h, F, = 1.3, m/s (kg/m®)°°h)
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A.4 UDF Algorithms

Algorithm 1: VOF Mass Transfer Source for CO; in 20 wt% MEA (UDF)

Inputs: cell ¢ on mixture thread ¢; gas sub-thread index from_index; liquid
sub-thread index to_index; CO, species indices.
Constants:

MC027 MHgOa MAIR7 MMEA7 kLO? DCOQ,L? WMEA7 Hcp,refa BHa Trefa Qmin, Omax
and BBox limits.
1. Retrieve sub-threads: gas <+ THREAD_SUB_THREAD(¢, from_index),;

lig + THREAD_SUB_THREAD(t, to_index).
2. x + C_CENTROID(c,t); return 0 if x lies outside the BBox.
3. ar, + C_VOF(c,liq); return 0 if o, ¢ [omin, Qmax)-
4. Read local fields: YgCO2,XgOQ,T, PL, Pabs-
¥,20: /Mo,
Yy [Mco, + (1= Y% /My

5. YCO, <—

11 pr/Mu,0
6. Hep(T) < Hep ret eXP[BH<T - Trefﬂ’ Hpo(T) H.,(T)

7. g - S0
8. xp, +— massfrac_to_molefrac_liq(XSOQ).
9. Ax ¢+ 2¢q — xp; veturn 0 if |Az| < 10712,

10. Cp + liquid_molar_density(py, Xgoz).

11. Chemical enhancement:

(@) capp = VMEAPL
Myga
_ (1 — Wnea — X7 ?)pL
H20 = Mmu,0
2

(b) k1 = kpnn, (T)cpa + k,0(T)cH,00MEA -

(¢) Ha = /Dco,,Lk1/kro.;
E =+/1+ Ha?
(d) kL — kLoE.
12. ajy < interfacial_area_density(c, t).
13. N « k?L Aint CL Azx.

14. 1 < Mco, N; return 1 (positive = absorption).
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Algorithm 2: Dynamic Contact Angle Boundary Profile (UDF) for VOF

Constants: 0g [deg], A [deg], Camax [-], o [N/m].
1. For each boundary face f in thread ¢:

@) co « F_CO(f,1); to+« THREAD_TO(t).

(b) pur, + C_MU_L(co,to) (liquid viscosity, Pa-s)
(©) u«+ (C_UC_V,C_W)(co,to); wur < |u].

(d) Ca < purur/o; Ca <+ min(Ca, Capax).

(©) bayn <+ 05 — A(2Ca/Camax — 1).

() bayn  max(fs — A, min(fg + A, Ogyn)) (clamp)
(©) Orad < Oayn - 7/ 150.

(h)y F_PROFILE(f,t,position) < 0.,4.

A5

Reconstruction of Experimental Data and Derivation of
CFD Validation Parameters

In order to obtain validation data representative of the column entrance region,
additional kg.e values were interpolated from the experimental measurements
reported by Aroonwilas et al. [19]. The interpolation was carried out via linear
regression on digitized data points extracted from the original figure, and the
corresponding operational parameters were applied accordingly.

A.5.1 Data reconstruction and regression details

Axial CO, concentration profiles cco,(z) reported in [19] were digitized at z €
[0,2.2] m for L € {3.82,5.92, 7.64, 12.22, 22.91} m®* m~?h~'. Points were
de-noised by removing duplicated z and enforcing monotone sorting.

For each L, we fit a polynomial surrogate

c(z| L) = ax(L) 2*
k=0

with coefficients obtained by weighted least squares

NL n

2 1

min w; [ci — E akzﬂ , w; = —5.
- o

i=1 k=0 t

Unless otherwise noted, w; = 1 (homoscedastic noise). To limit overfitting we use
n = min(3, N — 1); as a sensitivity, n € {2,3,4} was tested and the smallest n
within AAIC < 2 retained. Table lists metrics by L. Next, the fit quality is

summarized by

~\2
(Ci — ¢ 1 ~ ~
R P C k) MAE= — 3| 4|, MAXE = max|e; — 6.

>oilci— )’ Np,
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Table A.1 Fit quality for polynomial surrogates by liquid load L (errors at original
digitized points).

L [m3m=2h~!] Degreen R?> MAE[%] MAXE [%]

3.82 3 0.996 0.068 0.126
5.92 3 0.999 0.046 0.094
7.64 3 0.999 0.059 0.152
12.22 3 0.999 0.072 0.184
2291 3 0.998 0.160 0.359

The experimental axial CO, concentration profiles reported by [19]] were digitized
and reconstructed via polynomial regression for each liquid load, yielding the
interpolated curves shown in Fig. [A.T6]

MEA =20% wt; 36°C
14 -
12 -
<
_5 10 A
©
€
Y 84
[
o
(@]
§ 6 - Liquid load, L [m3 m=2 h~1]
—o— L=3.82 (R2=0.996)
L=5.92 (R2=0.999)
47 —A— L=7.64 (R2=0.999)
—6— L=12.22 (R?=0.999)
2 - —7— 1=22.91 (R?=0.998)

0.0 0.5 1.0 1.5 2.0
Height from column top, z [m]

Figure A.16 Fitted validation curves from the reference [19]

A.5.2 Calculating Corresponding u for Reactive Absorption

In order to determine the superficial gas velocity values (ug) corresponding to
the experimental conditions of Aroonwilas et al. [19], the following reconstruction
procedure was employed.

The overall gas-side mass—transfer coefficients Kga. reported in Fig. 4 of
Aroonwilas et al. [19] were first digitized for each liquid load L €
{3.82, 5.92, 7.64, 12.22, 22.91} m®*m~2h~!. The values, originally expressed in

123



[kmol m~3h~! kPa~!], were converted into the equivalent gas-liquid volumetric
coefficients kga. [s7!] using the ideal-gas relation at T = 309 K and R =
8.314 kPam?® mol ' K~

RT
3600

Using the simplified relation given in Eq. (see Chapter 3), the gas superficial

k:Gae = KGae X

velocity ug was computed for each L by inserting:

e the interpolated CO, inlet concentration C}, and outlet concentration Ciyy
from Fig. 3 of Aroonwilas et al. [[19]], given in the table |A.2)

* the total packed height Z = 2.2 m,

¢ and the corresponding kga, [s~!] values obtained above.

To define the CO, inlet composition consistently with the experimental data, a
representative axial position of z = 0.0142 m was selected within the column.
This height corresponds to a region very close to the top of the column, where the
liquid phase can be considered nearly pure MEA; therefore, it was deemed suitable
for defining the inlet boundary of the CFD domain.

At this height, the interpolated concentration values from the digitized experimental
profiles were extracted for all liquid loads L. The resulting inlet mole fractions
are given in the table These interpolated values were used as CO, inlet
concentrations in the CFD validation runs.

Table A.2 Operating values used for interpolation at z = 0.0142 m.

Variable Liquid load L [m®m—2h~!]
3.82 5.92 7.64 1222 2291
Cin (interp. from[A.16) [mol/mol] 0.11102 0.09149  0.07108 0.05077  0.01967

Cout [19] [mol/mol] 0.11000  0.09000 0.07000 0.05000 0.01900
Kgac [19] [kmolm~3 h~'kPa~!] 0.1900  0.2500  0.3000 03300  0.4000
kqa (calculated) [s 1] 0.1356  0.1784 02141  0.2355  0.2854
u (calculated) [m/s] 0.96 0.77 0.62 0.47 0.30

The dominant source of uncertainty originates from the digitization of Aroonwilas’
experimental plots. This introduces an estimated deviation of about 1-2% in
the reconstructed concentrations and kga, values. Given the smooth variation of
ug with these quantities, this level of deviation does not significantly affect the
accuracy or sensitivity of the present validation study.

A.5.3 Holdup Data from [2]

The original Suess—Spiegel holdup curves are provided here for reference, forming
the basis of the reconstructed data used in the main text.
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Figure A.17 Liquid holdup h;, as a function of gas load F{; for various liquid loads
L for Mellapak 500Y structural packing. (Figure from [2])

A.6 Snapshots of Ansys Fluent Interface

BB tdit Material bd

Properties of mea-co2
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Reaction | finite-rate h

Mechanism | reaction-mechs i |£|

Density [kg/m?] volume-weighted-mixng-law v ||Edit...

Cp (Specific Heat) [1/(kg K)] mixing-law ¥ || Edit...
Thermal Conductivity [W/(m K)]| mass-weighted-mixing-law ¥ ||Edit...
Viscosity [kg/(m s)]| mass-weighted-mixing-lave > et

Mass Diffusivity [m?/s] multicomponent ¥, |E|

| Change | | Close | | Help ‘

Figure A.18 ANSYS-Fluent property mixture window
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B8 Multiphase Model

Models ~ Phases | Phase Interaction | Fopulation Balance Model

Forces Heat, Mass, Reactions
Mass | Reactions
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Phase Species Phase Species Mechanism
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mellapaks00y_mass_transfer_co2_water: :libudf
Close | Help ‘
. . .
Figure A.19 ANSYS-Fluent phase interaction
B Reactions x|
| Mixture| mea-co2 Total Number of Reactions| 2 . |
| Reaction Name D Reaction Type |
-
| | reaction-1 1 » 2 Volumetric Wall Surface Particle Electrochemical
Number of Reactants 2 : MNumber of Products 1 :
| Stoich. Rate Stoich. Rate |
Species Coefficient Exponent Species Coeffidient Exponent
| || co2-new v |1 1 carbamateform v |1 0
|
mea - |1 2
| |
Arrhenius Rate Mixing Rate |

Pre-Exponential Factor| 4.61e+09 Al4 B| 0.5
Activation Energy [J/kgmol] 3.74e+07 |

Temperature Exponent| 0

Include Backward Reaction Specify...

Third-Body Efficiencies Specify...
Pressure-Dependent Reaction | gpecify...

Coverage-Dependent Reaction | gpecify...

m Cancel | Help|

Figure A.20 ANSYS-Fluent reaction no: 1
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. Reactions
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Species Coefficient Exponent Species Coeffidient

h2o<|> v |1 1 carbamateform2 w ||l

co2-new v |1 1

mea - |1 1
Arrhenius Rate Mixing Rate

Pre-Exponential Factor| 2.73e+07 Al4 B| 0.5

Activation Energy [1/kgmol] 4550000
Temperature Exponent| 0

Include Backward Reaction Specify...
Third-Body Efficiencies Spedify...
Pressure-Dependent Reaction | gpecify...

Coverage-Dependent Reaction Specify...

B (o) ()

Figure A.21 ANSYS-Fluent reaction no: 2
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