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Summary

Bubble columns are process devices in which gas is introduced into a column in the form of
bubbles, faciliating intimate contact with a liquid. Bubble column reactors owe their wide
application area to a number of advantages they provide both in design and operation as
compared to other reactor types. They possess excellent heat and mass transfer characte-
ristics, require little maintenance and offer low operating costs due to lack of moving parts
and compactness. Due to these reasons bubble columns have gained considerable attention
in industrial applications. Bubble columns are utilized as multiphase contactors and reac-
tors in the chemical, petrochemical, biochemical and metallurgical industries. They are used
especially in chemical processes involving chlorination, alkylation, polymerization and hy-
drogenation, synthetic fuel production (i.e. the Fischer Tropsch process) and in biochemical
processes such as fermentation and biological waste water treatment. The simplest type of
bubble column consists of a vertical vessel with no internals. Gas is fed at the bottom while
liquid is introduced through the apparatus co-currently or counter-currently.

In most of the applications involving bubble column reactors, mass transfer from gas to liquid
phase, or liquid to gas phase is performed. The efficiency of these reactors is significantly
affected by mass transfer from one phase to the other. Mass transfer can be enhanced by
various means like increasing the interfacial area, renewal of liquid product, increase of re-
sidence time of bubbles, etc. Two major reactor types for gas-liquid(-solid) contacting in
industry are the slurry bubble column and the trickle bed reactor. Trickle bed reactors pos-
sess relatively poor heat transfer and mixing characteristics and can have high pressure drop.
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In slurry bubble column reactors, where solid catalyst particles are suspended in the liquid,
bubble coalescence is a big problem, as bigger bubbles lead to a decreased interfacial area
and a low gas phase residence time in the column. Here, a novel reactor type is proposed in
which micro-structures like wires are included in the column which overcome some of the
major disadvantages of slurry bubble columns.

In this work, the mentioned reactor type, named as a micro-structured bubble column (MSBC)
reactor, is introduced. It contains wire meshes which are staged like trays in a distillation co-
lumn. The advantage of such an arrangement over trays or packing is that a good mixing with
relatively low pressure drop can be obtained. Wires in the proposed MSBC reactor can cut
the larger bubbles as produced in slurry bubble column reactors thus enhancing gas interfa-
cial area. Since smaller bubbles rise slower, the bubble residence time is also increased. An
added (optional) advantage of this reactor type is that with catalyst coated wires, a separate
unit for catalyst separation from the liquid product is not needed which reduces operational
cost.

Chemisorption, i.e. mass transfer by absorption followed by chemical reaction, is central
to various industrial processes and hence it is important to understand the impact of micro-
structuring on chemisorption apart from the impact on hydrodynamic characteristics of the
column. The chemical reaction system chosen here is carbon dioxide absorption in sodium
hydroxide solution, which involves diffusion, followed by reaction of aqueous [CO2] with
[OH−] ions to form

[
HCO3

−] and
[
CO3

2−]. Since the reaction kinetics of the latter part
is very fast, the total process becomes mass transfer limited and therefore constitutes an
interesting chemical model system.

A 3-D Discrete Bubble model (DBM) or Euler-Lagrange model is used as a learning model
to study the interplay between (altered) hydrodynamics and mass transfer accompanied by
chemical reactions. In the DBM, a continuum description for the liquid phase is adopted,
whereas each individual bubble is treated in a discrete fashion. The model is further combined
with a volume of fluid (VOF) model to account for the free surface in the column. Other
modifications made in the model include the additional drag induced on the liquid and cutting
of bigger bubbles due to the presence of wires. Chemical species transport and mass transfer
have been embedded by Darmana et al. (2007) and are implemented in a similar form in the
present model.

Numerical study of parameters used to quantify the bubble coalescence and break-up is done
and optimum values for the coalescence calibration factor and the critical Weber number
are suggested for respective phenomena after comparison with experiments. Mass transfer
followed by reaction is studied for this micro-structured bubble column. It is found that
the presence of multiple meshes stacked in the column has a favorable effect on the column
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performance. Gas holdup and mass transfer rate are found to be significantly higher while
the mean bubble diameter in the column reduces. It has also been found that the mean bubble
diameter can be maintained by controlling the distance between consecutive meshes.





Samenvatting

Bellenkolommen zijn proces apparaten waarin gas in een kolom wordt geblazen in de vorm
van bellen, waardoor een intens contact met de vloeistof wordt bereikt. Bellenkolom reac-
toren danken hun brede toepassing aan een aantal voordelen in zowel ontwerp als operatie
vergeleken met andere reactor types. Ze beschikken over uitstekende warmte- en stofover-
drachtskarakteristieken, behoeven weinig onderhoud en hebben lage onderhoudskosten door
de afwezigheid van bewegende onderdelen en de compacte afmetingen. Hierdoor hebben
bellenkolommen veel aandacht gekregen in industriële toepassingen. Bellenkolommen wor-
den gebruikt als meerfasencontactapparatuur en reactoren in de chemische, petrochemische,
biochemische en metallurgische industrie. Ze worden in het bijzonder gebruikt in chemische
processen zoals chlorinatie, alkylatie, polymerisatie en hydrogenering, synthetische brandstof
productie (d.w.z. het Fischer Tropsch proces) en in biochemische processen zoals fermentatie
en biologische afvalwater behandeling. De eenvoudigste uitvoeringvorm van een bellenko-
lom bestaat uit een verticaal vat zonder ’internals’. Gas wordt via de bodem gevoed, terwijl
de vloeistof in mee- of tegenstroom in de kolom wordt geïntroduceerd.

In meeste toepassingen van bellenkolommen vindt stofoverdracht van het gas naar de vloei-
stof of vice versa. De efficiency van deze reactoren wordt significant beïnvloed door de
stofoverdracht van de ene fase naar de andere. Stofoverdracht kan worden versterkt op ver-
schillende manieren, zoals het verhogen van het contactoppervlak, snellere verversing van
de vloeistof, verhogen van de verblijftijd, enz. Twee belangrijke industriële vormen van gas-
vloeistof(-vast) contactapparaten zijn de slurriebellenkolom en de trickle bed reactor. Trickle
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bed reactoren hebben relatief slechte warmteoverdrachts- en mengkarakteristieken en heb-
ben een hoge drukval. In slurriebellenkolomreactoren, waar vaste katalysatordeeltjes in de
vloeistof zijn gesuspendeerd, is coalescentie van bellen een groot probleem, aangezien gro-
tere bellen leiden tot een kleiner contactoppervlak en een korte verblijftijd van het gas in de
kolom. In dit proefschrift wordt een nieuw reactortype voorgesteld waarin microstructuren
in de vorm van draden worden aangebracht in de kolom om zo de voornaamste nadelen van
slurriebellenkolommen te ondervangen.

In dit werk wordt een nieuwe reactorvorm genaamd microgestructureerde bellenkolom (MSBC)
geïntroduceerd. Deze bevat draadroosters die boven elkaar worden aangebracht net als scho-
tels in een destillatiekolom. Het voordeel van een dergelijke configuratie vergeleken met
schotels en een pakking is dat een goede menging gecombineerd met een relatief lage druk-
val kan worden verkregen. De draden in de MSBC reactor kunnen de grote bellen die in
slurriebellenkolommen ontstaan opknippen, waardoor het contactoppervlak vergroot wordt.
Aangezien kleinere bellen langzamer stijgen, wordt hiermee de verblijftijd ook vergroot. Een
bijkomend (optioneel) voordeel van deze reactorvorm is dat in het geval van met katalysator
gecoate draden een scheidingsoperatie voor katalysator scheiding van het vloeistofproduct
niet meer nodig is, hetgeen de operatie kosten omlaag brengt.

Chemisorptie, d.w.z. stofoverdracht gevolgd door een chemische reactie, is een centraal ele-
ment in diverse chemische processen en daarom is het belangrijk om de impact van micro-
structurering op chemisorptie te begrijpen, los van de invloed op de hydrodynamische eigen-
schappen van de kolom. Het hier gekozen chemische systeem is absorptie van kooldioxide
in natronloog, waarin diffusie gevolgd wordt door een reactie van het opgeloste [CO2] met
[OH−] ionen, waarbij

[
HCO3

−] en
[
CO3

2−] gevormd worden. Aangezien de reactiekine-
tiek voor de vorming van de laatste component zeer snel is, is het systeem gelimiteerd door
stofoverdracht en vormt het daardoor een interessant chemisch model systeem.

Een 3-D discreet bellenmodel (DBM) ofwel Euler-Lagrange model is gebruikt als leermodel
voor onderzoek naar de wisselwerking tussen de (gewijzigde) hydrodynamica en stofover-
dracht gevolgd door chemische reacties. In het DBM wordt een continuüm beschrijving van
de vloeistof gebruikt, terwijl elke individuele bel los wordt beschreven. Het model is verder
gecombineerd met een ’volume of fluid’ (VOF) model om het vrije oppervlak in de kolom
te beschrijven. Andere aanpassingen in het model betreffen de additionele wrijving en het
opknippen van grote bellen door de aanwezigheid van de draden. Chemisch stoftransport en
stofoverdracht zijn eerder beschreven door Darmana et al. (2007) en zijn geïmplementeerd
op een soortgelijke wijze in het model.

Vervolgens is een numerieke studie gedaan naar de parameters die de coalescentie en op-
breken van bellen beschrijven. Na vergelijking met experimentele data zijn optimale waar-
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des voor de coalescentie kalibratie factor en het kritische Weber kental aanbevolen voor het
beschrijven van deze fenomenen. Stofoverdracht gevolgd door reactie is bestudeerd voor
de microgestructureerde bellenkolom. Het is gevonden dat de aanwezigheid van meerdere
draadroosters boven elkaar in de kolom een positief effect heeft op de prestaties van de bel-
lenkolom. De gasfractie en de stofoverdrachtssnelheid blijken significant hoger, terwijl de
gemiddelde beldiameter in de kolom afneemt. Het is ook gevonden dat de gemiddelde beldi-
ameter kan worden geregeld door de afstand tussen de opeenvolgende roosters in te stellen.
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1 Introduction

1.1 Bubble column reactors

Bubble columns are process devices in which gas is introduced into a column in the form of
bubbles, facilitating intimate contact with a liquid. Bubble column reactors owe their wide
application area to a number of advantages they provide both in design and operation as
compared to other reactor types. They possess excellent heat and mass transfer character-
istics, require little maintenance and offer low operating costs due to lack of moving parts
and compactness (Kantarci et al. (2005)). Due to these reasons bubble columns have gained
considerable attention in industrial applications. Bubble columns are utilized as multiphase
contactors and reactors in chemical, petrochemical, biochemical and metallurgical industries.
They are used especially in chemical processes involving chlorination, alkylation, polymer-
ization and hydrogenation, synthetic fuel production (i.e. the Fischer Tropsch process) and
in biochemical processes such as fermentation and biological waste water treatment (Deen
et al. (2010)). The simplest type of bubble column consists of a vertical vessel with no inter-
nals. Gas is fed at the bottom while liquid is introduced through the apparatus co-currently
or counter-currently, which is not usually employed in practice.

According to the superficial gas velocity and the column diameter, the flow regimes in the
bubble columns are classified as: homogeneous (bubbly flow), heterogeneous (churn turbu-
lent) and slug flow. There also exists a “foaming regime”, which is not frequently encoun-
tered in bubble columns (Kantarci et al. (2005)). The homogeneous regime is obtained at
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2 Chapter 1

low superficial gas velocities (0.5 cm/s). This regime is characterized by a uniform bub-
ble size distribution and relatively gentle mixing over the entire cross-sectional area of the
column. Practically, bubble coalescence and break-up are not observed in this flow regime,
and the bubble size is almost completely dictated by the sparger design and system proper-
ties. The heterogeneous flow regime is encountered at higher superficial gas velocities. This
flow regime is characterized by marked differences in comparison with the homogeneous
gas-liquid system. As a result unsteady flow patterns prevail and large bubbles (with short
residence time) are formed by coalescence due to high gas throughput. Evidently, by bub-
ble coalescence and break-up, a wide bubble size distribution is attained. The bubble size
distribution is governed by coalescence and break-up, which is controlled by the energy dis-
sipation rate in the liquid. This flow regime is frequently encountered in industry. The slug
flow regime is encountered in columns with a small diameter, operated at high gas velocity.
This regime got its name from the formation of bubble slugs that are stabilized by the column
wall.

In most of the applications involving bubble column reactors, mass transfer from gas to liquid
phase, or liquid to gas phase is performed. The efficiency of these reactors is significantly
affected by mass transfer from one phase to the other. Mass transfer can be enhanced by
various means like increasing the interfacial area, renewal of liquid product, increase of res-
idence time of bubbles, etc. Two major reactor types for gas-liquid-(solid) contacting in
industry are the slurry bubble column and the trickle bed reactor. Trickle bed reactors pos-
sess relatively poor heat transfer and mixing characteristics and can have high pressure drop.
In slurry bubble column reactors, where solid catalyst particles are suspended in the liquid,
bubble coalescence is a big problem, as bigger bubbles lead to a decreased interfacial area
and a low gas phase residence time in the column. Here, a novel reactor type is proposed in
which micro-structures like wires are included in the column which overcome some of the
major disadvantages of slurry bubble column.

The mentioned reactor type introduced here is named as a micro-structured bubble column
(MSBC) reactor and contains meshes made of wires that can be staged like trays in a distil-
lation column. The advantages of such an arrangement over conventional trays or packings
is that a good mixing with relatively low pressure drop can be obtained. Wire meshes in the
proposed MSBC reactor can cut the larger bubbles as produced in slurry bubble column re-
actors, thus enhancing the gas interfacial area. Since smaller bubbles rise slower, the bubble
residence time is also increased. An added advantage of this reactor type is that with catalyst
coated wires, a separate unit for catalyst separation from the liquid product is not needed,
which reduces the operational cost.
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1.2 Numerical modeling

With the advent of powerful computers and availability of software packages the detailed
simulation of multiphase chemical reactors has received considerable attention since the past
few decades. Various simulation models have been proposed to understand the phenomena
in bubble column reactors occurring at various temporal and spatial scales.

At the smallest scale, direct numerical simulations (DNS) are employed to model the bubble
liquid interface, where the spatial resolution is in the order of 100 micrometer. Many tech-
niques developed over the years at this scale are Volume Of Fluid (VOF), Front Tracking (FT)
and Level Set (LS) techniques. In these techniques, the Navier-Stokes equations are solved
for the whole domain, while the interface between gas and liquid is tracked separately. These
simulations are based on first principles and basically no stringent assumptions are made.
Such models are limited to simulate at most around hundred bubbles.

On a larger scale, Eulerian-Lagrangian models are available. In these models, also known as
discrete bubble models (DBM), bubbles are tracked individually, while the liquid is described
as a continuum. The motion of the bubbles is computed from the Newtonian equations of
motion. The closures for the calculation of various forces are obtained from empirical or
analytical correlations or from DNS studies. Such models can be used to simulate lab-scale
bubble columns and serve as a learning model. These models can simulate several millions
of bubbles but still are far away from the industrial scale.

On an even larger scale, the two fluid model (TFM) is used. In the TFM, both phases are
treated as inter-penetrating continuous phases and are solved using separate momentum equa-
tions. A lot of the details is lost at this particular scale as the bubbles are also treated as a
continuous phase. However, this formulation, being computationally least expensive of the
three mentioned here, can in principle simulate very large systems including industrial scale
bubble columns.

In this work, the intermediate DBM scale is chosen to understand the concept feasibility and
applicability for lab scale reactors.

1.3 Motivation and objective of research

As explained in section 1.1, the development of a novel reactor type is targeted in this work.
Before the concept can be implemented on an industrial scale, it is necessary to understand
the dynamics of the system at a smaller scale. The ERC project "Cutting Bubbles" includes
a DNS study along with an experimental study at lab scale (proof-of-principle). At the DNS
level, bubble-wire interaction is studied where Segers et al. (2013) applied DNS to develop a
correlation for flow past crossing cylinders.
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At lab scale, a pseudo-2D experimental setup, about a meter tall, was developed. The ge-
ometry of the experimental setup was carefully designed to enable optimal visual access.
Non-intrusive techniques such as digital image analysis and particle image velocimetry were
used to characterize the flow phenomena.

The work presented in this thesis aims to simulate the dynamics in the aforementioned ex-
perimental setup and provide some deeper insights of reactive systems, which are difficult to
obtain experimentally. Also the limitation of the experimental setup of only being pseudo-
2D can be circumvented, as the simulation model can be extended to a 3D bubble column
easily. So, the numerical model, once verified and validated, can be used to explore a much
wider range of applications of bubbly flows in 3D including stirred gas ladles in metallurgi-
cal industries or in off-shore gas rising from ocean beds, apart from the previously mentioned
conventional uses.

1.4 Thesis outline

This thesis is organized as follows. In chapter two, a new correlation for the enhancement
factor is proposed, which is based on two consecutive reversible reactions, and can be easily
incorporated in the DBM. Most of the previous correlations (see Westerterp et al. (1984)) are
based on the assumption of irreversible reactions. Other correlations solved for reversible
reactions are implicit in nature and computationally very expensive to incorporate in our
DBM (Hikita et al. (1976)).

Chapter three focuses on hydrodynamic aspects of the DBM. A new hybrid Volume Of Fluid-
discrete bubble model (VOF-DBM) is proposed, which consists of a classical DBM but with
a liquid surface below the system boundary at the top. Such a model has added advantages
in the field of metallurgical operations like stirring gas ladles and oil spill scenarios, etc.
where the surface dynamics plays a very important role. However, in the present study, the
main motive is to rectify the problem associated with the strong liquid back-flow at high gas
superficial velocities that would occur in the classical DBM. Using the proposed model, a
sensitivity study of a coalescence calibration factor and the critical Weber number is also
performed, and values for the respective factors are proposed by comparing the results with
experimental results of Lau et al. (2013).

In chapter four, a bubble cutting algorithm is proposed, which is based on the geometric en-
counter of bubbles and wires. The proposed simple cutting model can be further improved
based on data obtained from detailed experiments. Moreover, a sensitivity analysis is pro-
vided for the effects of the gas superficial velocity and the mesh opening on bubble cutting in
the system.
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Chapter five provides a unified model to cater the needs of all the previous chapters. The base
model used in this study is the hybrid VOF-DBM model, in which multiple meshes stacked
like trays in a distillation column is modeled. The algorithm for bubble cutting with a single
mesh present is extended to use multiple meshes in the column. Furthermore, the model of
mass transfer with chemical reaction or chemisorption model of Darmana et al. (2007) is
included to represent and quantitatively describe the carbon dioxide absorption in aqueous
sodium hydroxide solution. This unified model of chemical reaction with micro-structuring
in the form of a wire mesh is used to study the effect of the distance between consecutive
meshes and thus optimizing the column design.

Finally, in chapter six the main conclusions and recommendations of this work are presented.





2 Enhancement factor

2.1 Introduction

Bubble column reactors are widely used in the process industry. Bubble columns provide a
number of advantages in design and operation as compared to other types of gas-liquid con-
tactors. They have excellent heat and mass transfer characteristics, require little maintenance
and offer low operating costs due to lack of moving parts and compactness. Due to their
industrial importance and wide application area, the design and scale up of bubble column
reactors is important for the process industry. Therefore, investigation of the important hydro-
dynamic and operational parameters characterizing their operation has gained considerable
attention during the past century.

Operations involving mass transfer followed by reversible chemical reaction are common
in the process industry. Gas treating to remove hydrogen-sulfide or carbon-dioxide with
the aid of alkanolamine solutions constitute well-known examples. For proper design, it is
very important that accurate models are available for mass transfer accompanied by chemical
reactions. Therefore these complex phenomena have been studied intensively during the last
few decades.

There are several models available to describe physical absorption of a gas in a liquid phase.
Frequently applied models are: the stagnant film model (Whitman (1923)), the Higbie pene-
tration model (Higbie (1935)), the Danckwerts surface renewal model (Danckwerts (1951)),
and the film penetration model (Dobbins (1956); Toor and Marchello (1958)). The stagnant
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8 Chapter 2

film model assumes the presence of a stagnant film at the gas-liquid interface where the entire
resistance is located. The mass transfer takes place in this stagnant film by diffusion. In the
penetration model and the surface renewal model, the gas-liquid mass transfer is described
using unsteady absorption in a small liquid element residing at the interface. This liquid el-
ement is replaced by a new liquid element from the bulk after some contact time, which is
related to the hydrodynamics.

Gas absorption accompanied by chemical reaction is enhanced as compared with pure phys-
ical absorption and this increase is quantified through the enhancement factor (Ea) as:

Ea =
Molar flux with chemical reaction

Molar flux without chemical reaction
(2.1)

In gas absorption processes, mass transfer or intrinsic reaction kinetics can control the overall
rate. Here we choose a system where chemical reaction rates are much higher than the mass
transfer rates. Carbon dioxide absorption in sodium hydroxide solution has specifically been
chosen in our study because in addition to the fast chemical reactions, it is convenient to
use (non-toxic, a lot of basic data are well-established). The whole process of absorption
accompanied with chemical reaction or chemisorption for this particular system can thus be
defined via following three steps:

CO2(g)→CO2(aq) (1)

CO2(aq)+OH− � HCO−3 (r1)

HCO−3 +OH− �CO2−
3 +H2O (r2)

where step 1 is the physical absorption of CO2 in the aqueous phase, while the other two
steps (r1 and r2) describe the subsequent chemical reactions. It is noted that all the three
steps occur in the liquid phase.

In gas-liquid systems the enhancement factor is given as a function of the Hatta number
(Ha), which represents the ratio between the intrinsic reaction rate in absence of transport
limitations and the maximum diffusion rate of the component into the liquid (Hatta 1932). In
creating the optimal reactor configuration, it is important to determine the gas-liquid transfer
processes in terms of Ha. A chemical reaction is classified as “a fast reaction" when Ha > 2.
In that case the reaction is occurring near the gas-liquid interface. When Ha< 0.2 the reaction
is “a slow reaction", and mainly takes place in the liquid bulk. In our system the Hatta number
is defined as:
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Ha =

√
k1,1DCO2 [OH−]

kl
(2.2)

where k1,1 is the rate constant of the forward reaction (r1), DCO2 is the diffusivity of carbon
dioxide and [OH−] is the hydroxide concentration.

For our system, it is not possible to obtain an exact analytical solution for the enhancement
factor. However, in literature, a number of approximate solutions and correlations are pro-
vided (Hikita et al. (1976); Wellek et al. (1978); Westerterp et al. (1984); Van Swaaij and
Versteeg (1992)). Almost all of them are based on certain assumptions (e.g. irreversible
reactions) or they lead to implicit formulations.

Solving the system of conservation equations numerically is another way to obtain the en-
hancement factor for our system. Vas Bhat et al. (1999) provided a numerical model for solv-
ing the enhanced mass transfer at different process conditions. The results of the numerical
model were found to be in good agreement with the experimental data and the approximate
solution proposed by Hikita et al. (1976). Such numerical models have the advantage over
analytical expressions that they do not make any simplifying assumptions. Analytical work
though useful, was oriented to study the effect of various parameters like diffusivity, solute
loading, etc. on the enhancement factor.

The present work is aimed to provide a correlation for the enhancement factor that is obtained
on basis of a numerical model and which can be easily included in coarse mesh models like
the discrete bubble model (DBM) or the two fluid model (TFM). The system of equations is
solved numerically to find the enhancement factor for a wide range of Hatta numbers and pH

values.

In the present study, first the numerical model is described with the model equations and
boundary conditions. Following, the validation of the model with the experimental results
from Vas Bhat et al. (1999) and a sensitivity analysis for Ea with different values of kl and
[OH−]init (initial hydroxide concentration) is provided. Then, the data obtained from the
numerical model is used to construct a correlation that describes the enhancement factor as a
function of pH.

2.2 Chemisorption of CO2 in a NaOH solution

2.2.1 System

The system studied in this work is the physical absorption of carbon dioxide followed by
the reaction with sodium hydroxide. As stated before, the reaction proceeds via a two step
process (r1 and r2), both of which include reversible reactions. However, it has been found
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in previous literature studies that the net reaction rates are very high for both reactions where
mass transfer is the limiting step in the overall process.

The mass transfer at the interface of a bubble is considered to be driven by a concentration
gradient. The mass transfer rate from a bubble to the liquid bulk is given by (Darmana et al.
(2007)):

ṁb = klaMCO2 ([CO2]
∗ − [CO2]) (2.3)

where kl is the mass transfer coefficient, a is the interfacial surface area, and MCO2 is the
molar mass. [CO2]

∗ and [CO2] respectively are the interfacial and bulk concentrations of
carbon dioxide.

2.2.2 Penetration model

For the description of mass transfer in multiphase systems, several models have been pro-
posed. The penetration model proposed by Higbie (1935) is considered to be the most suited
to describe mass transfer from bubbles. In this model, thin fluid elements are transported
along the surface of the bubble. At time t = 0 the element has a uniform initial concentration
that is equal to the concentration in the liquid bulk. Mass transfer takes place by diffusion
at the interface. After a certain contact time θ , the elements return into the well-mixed bulk
of the fluid. In this model, the depth of penetration is small with respect to the thickness of
the element. When the concentration gradients are small, the drift fluxes caused by species
diffusion can be neglected, where Fick’s second law describes the process:

∂ [A]

∂ t
= DA

∂ 2 [A]

∂x2 (2.4)

where DA is the diffusivity of component A. The initial condition and boundary conditions
are given by:

t = 0, x > 0 : [A] = [A]bulk

t > 0, x = 0 : [A] = [A]∗

t > 0, x→ ∞ : [A] = [A]bulk

(2.5)

where [A]bulk and [A]∗ are the bulk and interface concentrations of component A. The analyt-
ical solution for this equation system as given by Westerterp et al. (1984) is:

[A]∗ − [A]

[A]∗ − [A]bulk
= er f

(
x

2
√

DAt

)
=

2√
π

x/(2
√

DAt)ˆ

0

e−z2
dz (2.6)
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The concentration gradient at the interface is obtained by differentiating equation 2.6 and
evaluating it at x = 0:

−
(

∂ [A]

∂x

)
x=0

=
1√

DAπt

(
[A]∗ − [A]bulk

)
(2.7)

The time dependent molar flux of component A is given by:

JA,t =−DA

(
∂ [A]

∂x

)
x=0

=

√
DA

πt

(
[A]∗ − [A]bulk

)
(2.8)

whereas the time averaged molar flux of component A is given by:

J̄A,θ =
1

θ

θ̂

0

JA,tdt = 2

√
DA

πθ
(
[A]∗ − [A]bulk

)
= kl

(
[A]∗ − [A]bulk

)
(2.9)

where kl is the mass transfer coefficient, which is given by:

kl = 2

√
DA

πθ
(2.10)

The penetration theory was developed for the absorption of gas from a bubble into a liquid.
From equation 2.10, the contact time can be calculated by experimentally measuring the
value of kl . This definition of the mass transfer coefficient is also used for mass transfer
accompanied by chemical reaction, which we will consider in the next section.

2.2.3 Penetration model with reaction

For reactive systems, the Higbie model can be presented as (Westerterp et al. (1984)):

∂ [A] j

∂ t
= D j

∂ 2[A] j

∂x2 −R j (2.11)

where [A] j, D j and R j respectively are the concentration, the diffusivity and the chemical
reaction rate of component j in the system. For each component, an initial condition and
two boundary conditions are required to solve the system of equations. Apart from that, the
reaction kinetics are required to close the reaction term (R j).

For the specific system studied in this work, the following system of non-linear partial equa-
tion can be formulated:
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∂ [CO2]

∂ t
= DCO2

∂ 2[CO2]

∂x2 −RCO2 (2.12)

∂ [OH−]
∂ t

= DOH−
∂ 2[OH−]

∂x2 −ROH− (2.13)

∂ [HCO−3 ]
∂ t

= DHCO−3

∂ 2[HCO−3 ]
∂x2 −RHCO−3

(2.14)

∂ [CO2−
3 ]

∂ t
= DCO2−

3

∂ 2[CO2−
3 ]

∂x2 −RCO2−
3

(2.15)

The concentration of water was assumed to be constant, because it is in abundance. Moreover,
it was also assumed that there is no resistance to mass transfer in the gas phase.

2.2.4 Initial and boundary conditions

The initial and boundary conditions are given by:

t = 0, x > 0 :

[CO2] = 0,
[
OH−]= [OH−]

init ,
[
HCO−3

]
= 0,

[
CO2−

3
]
= 0 (2.16)

t > 0, x = 0 :

[CO2]
∗ = m [CO2]g ,

∂ [OH−]
∂x

∣∣∣∣∣
x=0

=
∂
[
HCO−3

]
∂x

∣∣∣∣∣
x=0

=
∂
[
CO2−

3

]
∂x

∣∣∣∣∣
x=0

= 0 (2.17)

t > 0, x→ ∞ :

∂ [CO2]

∂x

∣∣∣∣∣
x=∞

=
∂ [OH−]

∂x

∣∣∣∣∣
x=∞

=
∂
[
HCO−3

]
∂x

∣∣∣∣∣
x=∞

=
∂
[
CO2−

3

]
∂x

∣∣∣∣∣
x=∞

= 0 (2.18)

2.2.5 Reaction kinetics

The equilibrium constants K1 and K2 for the reversible reactions (r1) and (r2) are defined by:

K1 =
k11

k12
=

[
HCO−3

]
[CO2] [OH−]

(2.19)

K2 =
k21

k22
=

[
CO2−

3

]
[
HCO−3

]
[OH−]

(2.20)
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The reaction kinetics are described assuming elementary reactions, i.e. the reaction rates are
first order in each of the involved species. The reaction rate for species j for homogeneous re-
action is defined as the amount of component j transformed to products per time per volume.
The reaction scheme for each component in the system is given by:

RCO2 = k12[HCO−3 ]− k11[CO2][OH−] (2.21)

ROH− = k12[HCO−3 ]− k11[CO2][OH−]+ k22[CO2−
3 ]− k21[CO2][OH−] (2.22)

RHCO−3
= k22[CO2−

3 ]− k21[HCO−3 ][OH−]+ k11[CO2][OH−]− k12[HCO−3 ] (2.23)

RCO2−
3

= k21[HCO−3 ][OH−]− k22[CO2−
3 ] (2.24)

The correlations for the forward and backward kinetic rate constants are provided in Ap-
pendix A.

2.2.6 Enhancement factor

The enhancement factor Ea is defined as the ratio of the molar flux of that component through
the interface with and without chemical reaction. For this particular system, it can thus be
defined as:

Ea =
CO2 flux with chemical reaction

kla([CO2]∗ − [CO2])
(2.25)

According to the penetration model the enhancement factor can be defined using the follow-
ing equation:

J̄CO2,θ =
1

θ

θ̂

0

JCO2,tdt = Ea · kl
(
[CO2]

∗ − [CO2]
)

(2.26)

Ea =
J̄CO2,θ

kl
(
[CO2]

∗ − [CO2]
) (2.27)

An analytical solution of the enhancement factor for reactive systems is not available. Sev-
eral attempts have been made by various authors to provide approximate solutions, making
certain assumptions. The implementation of these solutions is either too complex or too
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computationally expensive to include in macro-models like the DBM or the TFM. Also, the
assumptions taken to derive these correlations are not valid for the entire range of operating
conditions.

In this work, concentration profiles and mole fluxes are calculated numerically by solving the
system of equations 2.12-2.15. Assumptions based on applicability of operating conditions
have been avoided. The value of the enhancement factor is thereafter numerically calculated
with equation 2.27. It is important to point out that the enhancement factor defined above
only has a physical meaning in those situations where the gas phase mass transfer resistance
can be neglected completely.

2.3 Results and discussion

2.3.1 Simulation settings

Because of the large number of parameters that may be varied in this system, results presented
here are limited to reactions with constant temperature and pressure. In order to describe
the mass transfer phenomenon, the Hatta number (Ha) and the enhancement factor (Ea) are
defined in equations 2.2 and 2.27 respectively.

For simplification it is assumed that the diffusion coefficients of all species in the reaction
mixture are constant. The Hatta number is varied by changing the liquid side mass transfer
coefficient kl and the hydroxide concentration [OH−], one at a time.

The forward reaction rate constant k1,1 is a function of the ionic strength as reported by
Pohorecki and Moniuk (1988). The ionic strength in turn is a function of the concentrations
of the species present in the solution, which is mostly determined by the initial pH. Detailed
expressions for the rate constants can be found in Appendix.

All the simulations are performed for a temperature of 25◦C and a pressure of 1 atm.

Table 2.1: Constants used in the simulations

Parameter Value Units

Temperature, T 298 K

Gas constant, R 8.314 J/(K ·mol)

Pressure, pCO2 1.0 atm

Diffusivity CO2 2.09×10−9 m2/s

Diffusivity OH− 5.72×10−9 m2/s

Diffusivity HCO3
− 1.20×10−9 m2/s

Diffusivity CO2−
3 0.983×10−9 m2/s
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Figure 2.1: Comparison of the enhancement factor calculated using the present model with
previous solutions and experimental results.
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2.3.2 Model validation

The numerical model for chemisorption, presented in the previous section has been validated
by comparing simulation results with experimental data reported by Vas Bhat (1998) and
with an approximate solution derived by Hikita et al. (1976). The results for the enhancement
factor are shown in figure 2.1 for an initial NaOH concentration of 0.05 M and 0.1 M. In this
figure, it can be seen that the enhancement factor obtained from present model matches well
with the previous models and experimental results. Figure 2.1a shows that the approximation
proposed by Hikita et al. (1976) predicts lower values of the enhancement factor, which can
be explained by the assumptions that were used in order to derive the approximation: the first
reaction is treated as irreversible and the second one is instantaneous and reversible.

The obtained curve shown in Figure 2.1b has a specific pattern, i.e. a curve with two inflec-
tion points. The first inflection point is for Ha ≈ 3 and the second is around Ha ≈ 70. At
high values of pH, the reaction is almost instantaneous and all carbon-dioxide is converted
to carbonate. This means that the second reaction is dominating. This is represented by the
region above the second inflection point. For lower values of the pH, the carbonate concen-
tration shifts the reaction backwards forming bicarbonate. Around the plateau between the
two inflection points, reaction r2 is close to equilibrium. As we go down in the curve (high bi-
carbonate concentrations), the competition for hydroxide ions starts between carbon dioxide
and bicarbonates. The initial part of the curve corresponds to the abundance of bicarbonates
and carbon dioxide in the system, where with reaction r1 reaching the equilibrium.

2.3.3 Effect of initial pH on the enhancement factor

In order to investigate the effect of the initial pH on the enhancement factor, simulations are
performed. The applied initial pH and related physical properties are presented in Table 2.2.
For each of these cases, the initial pH and related parameters were kept constant, while the
mass transfer coefficient was varied in the range of 5.00×10−7−3.76×10−3m/s.

As can be seen in Table 2.2, the concentration of hydroxyl ions has an effect on many of the
physical and the chemical parameters. The physical parameters influenced by OH− ions are
the solubility and diffusion coefficient of CO2. As indicated before, the diffusion coefficient is
kept constant. It can be concluded from Table 2.2 that by increasing the initial concentration
of hydroxyl ions in the solution, the forward rate constant for reaction (r1), k11 is increased
and the solubility of carbon-dioxide is decreased. The enhancement factor at infinite dilution
(Ea,∞ or Ea,max)is calculated as:

Ea,∞ = 1+
DOH− [OH−]
2DCO2 [CO2]

∗ (2.28)
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Table 2.2: Chemical and physical parameters as function of pH

pH [OH−]initial k11 Henry constant Ea,∞

kmol/m−3 m3/(kmol · s)
10.00 1.00×10−4 7970 0.8470 1.003

11.00 1.00×10−3 7980 0.8460 1.039

12.00 1.00×10−2 8010 0.8350 1.398

12.70 5.00×10−2 8160 0.7830 3.122

12.88 7.50×10−2 8250 0.7500 4.323

13.00 1.00×10−1 8350 0.7190 5.622

13.10 1.25×10−1 8450 0.6890 7.030

13.18 1.50×10−1 8550 0.6600 8.554

13.70 5.00×10−1 10000 0.3570 47.55

13.88 7.50×10−1 11200 0.2260 111.3

13.90 8.00×10−1 11500 0.2060 130.1

13.93 8.50×10−1 11800 0.1870 152.0

13.98 9.50×10−1 12300 0.1540 206.0

14.00 1.00×100 12600 0.1400 238.4

With increase in pH or [OH−], the maximum achievable enhancement also increases. The
Henry constant is a weak function of pH for lower values of [OH−], but reduces sharply as
pH is increased above 12.7.

Figure 2.2 displays results obtained from the simulations with the pH in the range of 12.0-
14.0. Here, the enhancement factor (Ea) is normalised with the maximum achievable en-
hancement factor (Ea,∞), as a very high enhancement factor is obtained at high hydroxyl ion
concentrations. It is clearly seen that for pH = 12.0, the trend is different than for higher
values of the pH. This is because for pH = 12.0 there is no significant enhancement of the
mass transfer. For higher values of pH, enhancement is present and the curves have simi-
lar shapes. It is observed that if the initial concentration of hydroxyl ions is increased, the
curves shift towards higher values of the enhancement factor. Moreover, in Figure 2.2 it can
be observed that for increasing OH-concentration, the inflection point shifts upward towards
higher values of the enhancement factor. This can be explained by the increasing influence of
the second reaction (r2). By increasing the initial hydroxyl concentration the second reaction
becomes dominant.
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Figure 2.2: Normalised enhancement factor vs. Hatta number for different pH values.

2.3.4 Effect of mass transfer on the enhancement factor

The Hatta number is a function of the hydroxyl concentration, as indicated by equation 2.2.
The effect of changing the mass transfer coefficient is presented in Figure 2.3. In this case,
in each of these simulations the mass transfer coefficient was kept constant, while the initial
pH was varied in the range of 6.0-14.0.

From any of the curves for a particular value of kl , it can be seen that the enhancement is
higher when the pH value is increased. The Hatta number is higher when kl is lower. For
higher kl values, the reaction is taking place closer to the gas-liquid interface. It can be
noticed that for a particular value of [OH−], the enhancement factor is higher for higher kl .
It should be emphasized that profiles overlap at the beginning and start rising for different
Ha values. Generally, starting from the highest value of kl (5.0× 10−3) to the lowest value
(1.0×10−6) a delay in the enhancement is present as can be seen in Figure 2.3.

In Figure 2.4 the influence of the mass transfer coefficient on the concentration profiles is
shown. When kl is low (Figure 2.4a), the film is thicker (penetration depth is large) as com-
pared to when kl is large (Figure 2.4b). It can be seen that profiles are different especially for
the CO2, CO2−

3 , and OH− components. When the mass transfer coefficient is high (Figure
2.4b), there is no bicarbonate while the concentration of carbonate is decreasing. In Figure
2.4a the concentration of carbonate increases at first and then it reaches a maximum. After
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Figure 2.3: Normalised enhancement factor vs. Hatta number for different pH values.

the maximum it starts to decrease gradually as the bicarbonate gets depleted.

2.3.5 Curve fitting-new approximate model

As stated before, one of the objectives of this study is to study the relation between the
enhancement factor and the Hatta number. As indicated in Figure 2.1, the dependencies
between the enhancement factor and the Hatta number are complex. However, to keep the
calculation of the enhancement factor cheap (for the purpose of using it in coarse grained
models), there is a practical need to generate a simple fit for this complex behavior. Note
that most of the models proposed by other authors are iterative (implicit) and/or complex for
implementation (Hikita et al. (1976)). Since there are two inflections points, equation 2.29 is
proposed:

Ea−1

Ea,∞−1
= a tanh(b ·Ha)+ c tanh(d ·Ha) (2.29)

In equation 2.29 a, b, c, and d are model parameters that are dependent on pH. This model
is highly pH sensitive, especially for parameters b and d. In Figure 2.5, the dependency of
these parameters on pH is shown, and a model is obtained by curve fitting this dependency
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as a tricubic algebraic equation in pH. Equations obtained for predicting the values of these
model parameters are given below:

a = 0.01219pH3−0.4248pH2 +4.952pH−18.84 (2.30)

log10b =−0.1444pH3 +5.116pH2−60.74pH +241.5 (2.31)

c =−0.04397pH3 +1.60449pH2−19.4859pH +79.18132 (2.32)

log10d =−0.06895pH3 +2.37848pH2−28.2303pH +114.279 (2.33)

From Figure 2.5 it can be concluded that there is a good agreement between the fitted values
and the values obtained from simulations with pH = 10.0− 14.0. Equations 2.28-2.33 are
used to predict the enhancement factor and the results are presented along with the simulation
data in Figure 2.6a for pH = 11.0−13.18 and in Figure 2.6b for pH = 13.7−14.0.

From Figure 2.6a it can be seen that the simulation results and the model agree well. For the
lower values of the Hatta number (Ha), the model predicts slightly higher value of Ea. In the
range of pH = 11.00−13.18 the average relative error between the model and simulations is
2.3%. As the pH is increased, the relative error is increased up to 6%.

In Figure 2.6b a comparison between the simulation and proposed model is shown for higher
values of pH. In the region with low values of the Hatta number, there is a good agreement
between the simulations and the model. It is observed that for high values of pH (pH >

13.80) there is some deviation between the model and the simulations for high Hatta numbers.

The proposed model is capable of predicting the enhancement factor for [OH−] = 1.0×
10−4−1.0×100, and Hatta numbers spanning four orders of magnitude. Considering these
ranges, it can be concluded that the proposed model given by equation 2.29 predicts the
enhancement factor in a satisfying manner with good accuracy in a wide range of pH values
and Hatta numbers.

2.4 Conclusions

Gas-liquid mass transfer followed by chemical reactions in the liquid phase are very common
in the process industry. The chemical reaction rate depends on the interaction between fluid
flow, mass transfer and reaction kinetics. For this type of processes bubble column reactors
are usually employed. However, in spite of widespread use of this type of reactor, knowledge
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Figure 2.5: Model parameters (a, b, c, d) as function of pH.

of the complex interactions between the hydrodynamics, mass transfer and chemical reaction
within bubble column reactor is still limited.

In this chapter, chemisorption of CO2 in NaOH is numerically studied. In this system, three
processes are taking place: physical absorption (1), and two reactions (r1, r2). Both reactions
are reversible and fast at high pH. Therefore, this process is mass transfer limited since mass
transfer is the slowest process. This system is described with a system of differential equa-
tions 2.12-2.15 based on the penetration model. The reactions are assumed elementary and
first order in the reactants. It has been observed that many physical and chemical parameters
are a function of the initial pH.

The main objective of this chapter was to obtain a relationship for the enhancement factor
depending on the Hatta number using the data obtained from a numerical method. The results
are obtained by varying the mass transfer coefficient and the initial hydroxyl concentration.

Simulations were performed and results are presented in the form of the enhancement factor
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Figure 2.6: Comparisons between enhancement factor profiles for simulations (solid line)
and proposed model (dotted line).
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versus Hatta number. The relationship obtained is given by equation 2.29 with parameters a,
b, c, and d being described with equations 2.30-2.33. The present model describes the nu-
merical results well for a pH range of 11-14. Thus, it is concluded that an explicit correlation
is obtained that can accurately predict the value of the enhancement factor for all relevant
conditions where enhancement is noticeable. This correlation can be used in CFD simulation
models, such as the discrete bubble model or the two fluid model.



3 Modeling of the free surface∗

In this work, two powerful methods are combined for bubble column simulations namely, the

volume of fluid and the discrete bubble model. While the former method takes care of the free

surface, the discrete bubble model tracks and handles the dynamics of the dispersed bubbles.

The hybrid model presented in this work is verified and validated with existing established

experimental results. A model parameter study for bubble break-up and coalescence is per-

formed to find the optimum values of the model parameters, i.e. the critical Weber number

and the coalescence calibration factor.

3.1 Introduction

Bubbly flows are encountered in a variety of industrial applications. The majority of these
flows entails a free surface, through which the bubbles leave the liquid. Experimental investi-
gations of bubbly flows are difficult: the dynamic nature of the bubbly flow requires dynamic
techniques that ideally do not disturb the flow. Moreover, for large systems one can either
only measure macroscopic parameters like overall gas holdup or one is practically limited to
measurements at a finite number of sample points. For such circumstances, computational
fluid dynamics (CFD) has proven to be useful to extend the understanding of these flows, and
to provide detailed information, both in space and time.

∗Based on: Jain et al. (2014)
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Several types of CFD models, dedicated to different length and time scales have been de-
veloped in the past few decades. Some authors adopt a multi-scale approach to understand
and model large scale systems (Deen et al. (2004); Van der Hoef et al. (2004); Deen et al.
(2007)). In this approach, fully resolved simulations, also known as direct numerical simu-
lation (DNS), are performed to obtain the micro-scale data. Through DNS studies, closures
for various kinds of forces and coefficients are obtained, which can be used in coarse grained
models like Euler-Lagrange models or two-fluid models (TFM). Usually, Euler-Lagrange
models are employed for lab-scale simulations, while the TFM can be extended to industrial
scale too. The advantage of using the former over TFM is that it provides details of bub-
ble population in these bubbly flows, e.g. bubble size distributions are a direct result of the
simulation.

Euler-Lagrange models usually treat the gas-liquid interface at the top of the column via
some artificial boundary condition or a buffer zone technique (Streett and Macaraeg (1989);
Thompson (1990); Poinsot and Lele (1992); Pruett et al. (1995)). The downsides of such
boundary treatment are that i) unphysical liquid circulation over the top surface can arise,
and ii) the dynamics of the free surface is ignored. In this study, an attempt has been made to
formulate a numerical model introducing the free surface at the top of the column in the Euler-
Lagrange framework. The model presented here combines the volume of fluid (VOF) model
of Van Sint Annaland et al. (2005) and the discrete bubble model (DBM) of Darmana et al.
(2005). The hybrid model uses DBM to study the bubble and fluid dynamics in the bubble
column, and the volume of fluid method to treat the free surface. Such a model formulation
takes care of all the three phases, namely the liquid, the bubble and the gas phase. It is
noted here that the bubbles are represented as dispersed elements, while the gas is treated as
a continuous phase.

Volume of Fluid (VOF) methods (Hirt and Nichols (1981); Youngs (1982)) employ a color
function F(x,y,z,t) that indicates the fractional amount of fluid present at a certain position
(x,y,z) at time t. The advection equation for F is usually solved using a geometrical advec-
tion scheme, in order to minimize numerical diffusion. In addition to the value of the color
function, the interface orientation needs to be determined, which follows from the gradient
of the color function. The VOF technique in this work uses the piecewise linear interface
calculation (PLIC) method of Youngs (1982) to reconstruct the interface.

In the discrete bubble model or Euler-Lagrange model, one phase (fluid) is solved on a Eule-
rian grid, while the other phase (bubbles, drops, particles etc.) is solved using the Lagrangian
approach. The DBM accounts for bubble-liquid and bubble-bubble interaction using two way
fluid-bubble coupling and a hard sphere collision model by Hoomans et al. (1996). In the cur-
rent implementation, the bubbles are removed from the simulations domain as they reach the
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Figure 3.1: A three phase formulation with bubbles as discrete phase and gas (F = 0) & liquid
(F = 1) in the continuous phase. In the interface cells, containing liquid and gas, 0 < F < 1.

gas-liquid free surface.

Attempts have been made in the past to formulate models that combine interface tracking with
bubble/particle/drop tracking. Tomiyama and Shimada (2001) have proposed a NP2 model,
where they have combined the multi-fluid model with an interface tracking scheme. In the
NP2 model, all the phases are solved in the Eulerian domain. Many authors have combined
the discrete phase approach with the interface tracking, using CFD packages like Fluent and
OpenFoam (Cloete et al. (2009); Mahrla and Hinrichsen (2012); Van Vliet et al. (2013)).
However, the basic disadvantage associated with these models is that the volume fraction of
bubbles/particles is not considered while solving for the fluid-phase mass and momentum
conservation equations. In dense bubbly flows, the volume fraction of bubbles should be
accounted for in these equations. Therefore models excluding this aspect are valid only for
dilute flows and should not be extended for studying systems with high volume fractions of
the discrete phase. The model presented here overcomes the aforementioned shortcoming
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and will allow us to study dense bubbly flows with a free surface.

The organisation of this chapter is as follows: first the description of the model and the
numerical solution method is given. Subsequently, numerical verification and experimental
validation of the method is provided, where the simulated test cases are examined against the
experimental findings from Deen et al. (2001). In the next section, a numerical parameter
study of coalescence and breakup parameters is presented and discussed; and finally, the
conclusions are presented.

3.2 Governing equations

Our model consists of two main parts: one part accounts for the presence of the gas-liquid
free surface (VOF model) whereas the other part accounts for the presence of the bubbles in
the liquid, taking into consideration the possible collisions between the bubbles themselves
and/or confining walls (DBM). First, the main conservation equations are presented along
with the incorporation of surface tension and the advection of the deformable interfaces. The
fluid-bubble coupling and the bubble dynamics are subsequently described.

3.2.1 Mass and momentum conservation

The mass conservation equation for the fluid phase is described through the continuity equa-
tion.

∂ε f

∂ t
+∇ · (ε f u f ) = 0 (3.1)

where ε , and u represent the volume fraction and velocity, respectively. The subscript f refers
to the fluid phase. The fluid phase includes both the liquid (l) and the gas (g) phases.

The momentum conservation can be described by the volume-averaged Navier-Stokes equa-
tions:

ρ f

[
∂ (ε f u f )

∂ t
+∇ · (ε f u f u f )

]
=−ε f ∇p−∇ · (ε f τ f )+ρ f ε f g− fσ − fl→b (3.2)

where fσ is the surface tension term, and fl→b is the forcing term for bubble-liquid interac-
tions. Here the subscript b represents the bubble phase. Note that when ε f = 1, the single
phase Navier-Stokes equations are retained.

3.2.2 Volume of fluid approach

The volume of fluid approach uses the fractional amount of liquid to determine the interface
position and orientation in a given cell. This fractional amount of liquid is often called the
color function and is denoted by F .
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F =
εl

(εl + εg)
=

εl

ε f
(3.3)

The liquid and the continuous gas together are regarded as the fluid phase (ε f ), the motion of
which is described with an advection equation.

DF

Dt
=

∂F

∂ t
+u f ·∇F = 0 (3.4)

The fluid phase density is defined as:

ρ f = Fρl +(1−F)ρg (3.5)

The local average fluid viscosity is calculated using a more fundamental approach proposed
by Prosperetti (2002), via harmonic averaging of the kinematic viscosity of the involved
phases according to the following expression:

ρ f

μ f
= F

ρl

μl
+(1−F)

ρg

μg
(3.6)

Surface tension model

Among the surface tension models present, a recent publication by Baltussen et al. (2014)
proposed a model for highly curved interfaces. It uses a height function to calculate the
interface curvature. However, in our case the interface is rather flat because of the large cross
sectional area of the column and therefore the simple continuum surface force (CSF) model
(Brackbill et al. (1992)) has been used. For future studies, it is advised to introduce the height
function model of Baltussen et al. (2014) for calculation of the surface tension force.

Interface reconstruction

The interface reconstruction is the most crucial part in the VOF model and is carried out
with the help of geometric advection. The interface normals are calculated using the gradient
of color function in the particular cell. Then, with the help of a series of transformations,
five generic interface orientations are identified. Later the flux through these interfaces is
computed with the help of a plane constant defined for the given cell. An elaborate description
of the complete VOF model can be found in Van Sint Annaland et al. (2005).
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3.2.3 Discrete bubble model

Bubble tracking

The motion for each individual bubble is computed from Newton’s second law. The liquid
phase contributions are taken into account via the net force experienced by each individual
bubble. For an incompressible bubble, the equations can be written as:

ρb
dVb

dt
= 0 (3.7)

ρbVb
dv

dt
= FG +FP +FD +FL +FV M +FW (3.8)

where ρb, Vb, and v, respectively are the density, volume and velocity of the bubble. The net
force acting on each individual bubble is calculated by considering all the relevant forces. It
is composed of separate, uncoupled contributions of gravity, pressure, drag, lift, virtual mass
and wall forces. Expressions for each of these forces can be found in Table 3.1. Detailed
discussion about these forces can be found in Darmana et al. (2007). Note that the drag, lift
and wall force closures used in the present study are obtained from Tomiyama et al. (1995,
2002). The drag coefficient used here does not take effects of contamination into account.
A drag correlation correction for bubble swarms as proposed by Roghair et al. (2011) has
however been included in the model. These forces are calculated here at centre of mass of
the bubbles and are mapped to the Eulerian grid using the polynomial mapping function from
Deen et al. (2004).

Coalescence

In the model used here, the collisions are resolved in a deterministic fashion using the hard
sphere model of Hoomans et al. (1996). The bubble coalescence model proposed by Som-
merfeld et al. (2003) is used later to determine if the collision will result in coalescence or
not. Bubble coalescence is incorporated by comparing the contact time with the film drainage
time, which is calculated by the model of Prince and Blanch (1990). If the film drainage time
is less than the bubble contact time, coalescence takes place.

tdrainage =

√
R3

e f f ρl

16σ
ln

(
h0

h f

)
(3.9)

tcontact =
cCCF Re f f

|vrel | (3.10)
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Table 3.1: Overview of forces acting on a bubble.

Forces Closures

FG = ρbVbg -

FP =−Vb∇P -

FD =−1
2
CDρlπR2

b|v−u|(v−u)

CD,∞ = max
[

min
{

16
Re

(
1+0.15Re0.687

)
,

48
Re

}
,

8
3

Eö
Eö+4

]
CD

CD,∞(1− εb)
= 1+

(
18
Eö

)
εb

FL =−CLρlVb(v−u)×∇×u

CL =

⎧⎪⎨
⎪⎩

min [0.288tanh(0.121Re) , f (Eöd)] ; Eöd < 4
f (Eöd) ; 4≤ Eöd < 10
−0.29 ; Eöd ≥ 10

f (Eöd) = 0.00105Eö3
d −0.0159Eö2

d −0.0204Eöd +0.474

Eöd =
Eö

E2/3 ; E =
1

1+0.136Eö0.757

FV M =−CV MρlVb

(
Dbv

Dbt
− Dbu

Dbt

)
CV M = 0.5

FW =−CW Rbρl
1

D2
bw
|u−v|2.n CW =

{
e(−0.933Eö+0.179) ; 1≤ Eö < 5
0.0007Eö+0.04 ; Eö≥ 5

where h0 and h f are the initial and final film thickness. Re f f is the equivalent bubble radius
for the system and is the harmonic mean of the radii of two interacting bubbles. The extent of
coalescence can be controlled by cCCF , the coalescence calibration factor CCF , which repre-
sents the ratio of deformation distance and the effective bubble radius. Such implementation
of bubble coalescence has already been used earlier in the work of Darmana et al. (2006) and
Lau et al. (2014).

Break-up

The bubble break-up model as proposed by Lau et al. (2014) is used here. Break-up occurs
when the inertial forces acting on the bubble are larger than the surface force. While the
inertial forces acting on the bubble try to deform the bubble and increase the surface area, the
surface tension does the opposite by keeping it in shape as one single bubble. A dimensionless
number, the critical Weber number, represents the ratio of these forces:

We =
ρlδu2(d)d

σ
(3.11)

where δu2(d) is the mean square velocity difference over a distance equal to bubble diameter
d. When the Weber number of a particular bubble exceeds the critical Weber number Wecrit ,
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break-up happens.

In literature, a wide range of values for the critical Weber number as studied by various
authors has been presented. Sevik and Park (1973) have suggested a critical Weber number
∼ 1 for air bubbles in turbulent fluid jets; while according to Kolev (2007), Wecritical = 12 is
the most frequently used value for break-up due to hydrodynamic stability. Therefore in this
work, these two values of critical Weber number are studied. For a more extensive overview
of critical Weber numbers, we refer to Lau et al. (2014).

Bubble removal

In a real bubble column, bubbles disappear after leaving the gas-liquid interface to become
part of the continuous gas phase. Therefore in simulations also, bubbles are removed once
they reach the interface. However, due to smoothening of the volume fraction and forces
when they are mapped from the Lagrangian to the Eulerian domain, volume conservation
fails when bubbles get to close to the free surface. To solve this issue, bubbles are removed
two cells below the interface. Although this does not reflect reality entirely, the consequences
are small, because the cell size is quite small (in the range of the bubble diameter). Also this
assumption has a negligible impact on the bubble and liquid hydrodynamics.

3.3 Model verification and validation

The presented hybrid model is based on a DBM solver extended with a VOF description of
the free surface. The simulation cost increases slightly due to a small computational overhead
related to the calculation of the advection terms for cells containing an interface and due to
the additional domain size due to the gas cap. For all simulations presented in this work, a
mesh size of 5 mm is used as suggested in our previous study Jain et al. (2013). A 7.5 mm
grid is too coarse while the 2.5 grid provides similar results but is highly computationally
intensive.

For a quantitative validation of the simulation model, the benchmark case of Deen et al.
(2001) for PIV in square bubble column is chosen. Experimental settings can be found in the
work of Deen et al. (2001). Simulation snapshots in Figure 3.2 at various time steps show
the movement of a bubble swarm and the evolution of the gas-liquid interface in column.
The simulation is run for CCF = 0.1 without bubble break-up. The latter can be justified as
the gas superficial velocity of 0.5 cm/s lies in the homogeneous regime. A no slip boundary
condition is used along the bottom and side walls. For the top of the column, a pressure
boundary condition is specified.



Modeling of the free surface 33

Figure 3.2: Snapshot of column showing the bubble swarm and evolution of gas-liquid inter-
face at different time for the square bubble column.

3.3.1 Mass conservation

The volume occupied by the bubble and the gas phases is not constant during the operation
due to continuous addition and removal of bubbles in column. However the liquid volume
in the column remains constant and mass conservation applies. There can be some numeri-
cal deviation in the total liquid volume owing to the volume truncation and addition in VOF
method at very low phase fractions. Therefore the total liquid volume in the system is mon-
itored for a duration of about 170 seconds. It is found that during this period the maximum
error is quite low (∼ 10−4 times liquid volume fraction). This error is in the range of the
minimum threshold volume fraction truncated in VOF and hence the model is deemed to be
numerically correct w.r.t. the mass conservation.

3.3.2 Experimental validation

In the present study the time-averaged mean velocity and velocity fluctuations of the simula-
tion are calculated for a duration of 150 s (from t = 20 s to t = 170 s). The mean velocity is
calculated as follows:
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Figure 3.3: Comparison of simulated and experimental time averaged liquid vertical velocity
profiles at a height of z/H=0.56 and a depth of y/W=0.5.
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ations in vertical direction at a height of z/H=0.56 and a depth of y/W=0.5.

ū =
1

Nt

Nt

∑
i=1

ui (3.12)

where Nt is the number of time steps used in the averaging. The large scale velocity fluctua-
tion is calculated as:

u
′
=

√√√√ 1

Nt

Nt

∑
i=1

(ui− ū)2 (3.13)

The time averaged quantities are compared with the PIV measurements of Deen et al. (2001).
Figure 3.3 shows the time averaged liquid velocity in the vertical direction while the liquid
phase horizontal and vertical velocity fluctuations can be seen in Figure 3.4 and 3.5. As seen
in these figures, the simulation is in very good agreement with the experimental data. Hence
it can be concluded that the model is able to simulate the column hydrodynamics correctly.

3.4 Numerical study of model parameters

An experimental study of bubble dynamics has been reported by Lau et al. (2013). The
authors performed PIV experiments on a pseudo two dimensional (2D) bubble column. Their
results are reported in terms of the bubble velocities, gas holdup and bubble size distribution
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for various gas superficial velocities. A schematic diagram of the experimental setup is shown
in Figure 3.6.

In this study, the experimental data of Lau et al. (2013) are used to study model parame-
ters like critical Weber number, coalescence calibration factor (CCF) and inlet bubble size
distribution.

Table 3.2: Simulation settings for pseudo 2-D bubble column

Parameter Value Units

Liquid density kg/m3 1000

Liquid shear viscosity Pa · s 1.0×10−3

Surface tension N/m 0.073

Gas/ Bubble density kg/m3 1.0

Gas shear viscosity Pa · s 2.0×10−5

Column dimension (W ×D×H) m×m×m 0.20×0.03×0.72

Initial liquid height m 0.60

Number of nozzles - 20

Distance between nozzles m 0.01

Initial bubble diameter m 4.0×10−3

Number of grid cells (NX×NY ×NZ) - 40×6×144

Grid size m 5.0×10−3

Simulation time s 200

Time step flow solver s 1.0×10−3

Time step bubbles s 5.0×10−5

3.4.1 Simulation settings

The system chosen for this study consists of a pseudo-2D bubble column with a very shallow
depth (see Table 3.2 for all relevant simulation settings). The liquid phase is water, while the
gas phase is air. Air bubbles are injected in the column through the nozzles in the column
bottom plate. Prior to bubble injection, the fluid phase (liquid and gas) inside the column is
at rest.
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Figure 3.6: Schematic overview of experimental setup used by Lau et al. (2013) with different
measurement windows (top, middle and bottom) used for data sampling.

Figure 3.7: Screen-shots of the pseudo-2D bubble column showing the bubble distribution
and gas-liquid interface for a gas superficial velocity of 1 cm/s at t = 200 s.
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(a) Fluid vertical velocity (b) Bubble break-up map (c) Bubble coalescence map

Figure 3.8: (a) Fluid vertical velocity profile, (b) bubble break-up map and (c) bubble coa-
lescence map for the plane at half the column depth for gas superficial velocity of 1 cm/s.
Break-up and coalescence shown here are cumulative values over the duration of 200 s, while
the liquid vertical velocity is the instantaneous profile at t = 200 s.

After the air bubbles are introduced, they rise through the liquid due to buoyancy, and sub-
sequently transfer momentum to the fluid phase. As bubbles reach the free surface, they are
removed from the system.

3.4.2 Bubble break-up and coalescence

Simulation snapshots for gas superficial velocity of 1 cm/s are shown in Figure 3.7. The
snapshots suggest that there is a wide distribution of bubble radii ranging from 0.5 mm to 5
mm. Bubbles are present almost everywhere in the column with no apparent movement in
form of a bubble swarm. Maps of the fluid vertical velocity, break-up rate and coalescence
rate in a plane half way down the depth of column are presented in Figure 3.8. The break-up
and coalescence rates are recorded during a period of 200 s. As seen in Figure 3.8c, near the
bubble inlet a very high coalescence rate is found. Such behavior is expected as bubbles are
very close to each other near the inlet, resulting in very high collision rate. As bubbles rise in
the column, they become bigger and move further away from each other. So, the coalescence
rate drops and break-up rate rises. Break-up and coalescence rates balance each other till the
bubbles reach interface. Near the interface, due to the high shear experienced by bubbles,
enhanced break-up rate is observed.
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3.4.3 Inlet bubble size distribution

It is observed from experiments that the mean bubble diameter at the inlet is around 4 mm.
In this work, the effect of variance from this mean value is studied. To this end, the initial
bubble size is assumed to obey a Gaussian distribution with a mean of 4 mm and a standard
deviation of either 0.2 mm (D1) or 1.0 mm (D2).

Next two different sets of results are presented, each corresponding to a different value of
the inlet gas superficial velocity (1 cm/s and 2 cm/s). In each of these sets, results for the
two inlet bubble size distributions (D1 and D2) are compared. Bubble size distributions are
presented for different sections of the column and vertical bubble velocity profiles are shown
for three different heights in the column. Three different values of CCF (0.1, 0.5, 1.0) and
two different critical Weber number (1.0, 12.0) are compared.

3.4.4 Inlet superficial velocity of 1 cm/s

Bubble vertical velocity profiles across the column are calculated at three different heights
(0.15 m, 0.30 m, 0.45 m) and are shown in Figure 3.9. It can be seen that deviations from
the experimental data are larger for bubble size distribution D1 (narrow) as compared to D2
(wider). Moreover, higher in the column, the deviation reduces in magnitude.

The results for Wecritical = 12 for high values of CCF (0.5, 1.0) are way off from the ex-
perimental profiles and can be safely ignored for further analysis. The velocity profiles for
Wecritical = 1 are not so sensitive for different values of CCF for all the three heights and both
the distributions. However, the profiles for distribution D2 are under-predicted as compared
to those with distribution D1. It is safe to assume that the BSD in bottom section can be influ-
enced by inlet bubble size distribution. Therefore comparing for the middle and top sections,
Wecritical = 12,CCF = 0.1 and Wecritical = 1 for all CCF values provide a good agreement
with experimental results.

Subsequently, bubble size distributions for the three measurement windows (see Figure 3.6)
are calculated and compared with experimental findings in Figure 3.10. In all the experimen-
tal results, there is a peak around the inlet bubble diameter, with wide tails in both directions.
The tail towards smaller bubble diameters is due to break-up of larger bubbles and from now
onwards will be referred as the break-up profile. Similarly the tail towards the larger diam-
eters is because of the coalescence of smaller bubbles and is called as coalescence profile.
Almost all the combinations of the model parameters match well with the experimental re-
sults except for the case with CCF = 0.1 for bubble size distribution D1. A lower value of
CCF such as 0.1 implies that the coalescence rate is low. With a narrow inlet size distribution
such as D1, it is no surprise that a high peak near the inlet bubble diameter is observed.
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(a) bubble vertical velocity at h=0.45 m with inlet bubble distribution D1 (left) and D2 (right)
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(b) bubble vertical velocity at h=0.30 m with inlet bubble distribution D1 (left) and D2 (right)
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(c) bubble vertical velocity at h=0.15 m with inlet bubble distribution D1 (left) and D2 (right)

Figure 3.9: Bubble vertical velocity across the column width for gas superficial velocity
of 1 cm/s at column height of (a) 0.45 m, (b) 0.30 m and (c) 0.15 m for inlet bubble size
distribution D1and D2.
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(a) top section with inlet bubble distribution D1 (left) and D2 (right)
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(b) middle section with inlet bubble distribution D1 (left) and D2 (right)
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(c) bottom section with inlet bubble distribution D1 (left) and D2 (right)

Figure 3.10: Bubble size distribution for gas superficial velocity of 1 cm/s in (a) top, (b)
middle and (c) bottom section of the column for inlet bubble size distribution D1 and D2.
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In the simulations, it is observed that rather quickly after the bubbles have entered the column,
an equilibrium is reached between coalescence and breakup. In the experiments the same
is observed, apart from differences in the maximum probabilities around d = 5 mm. In
Figure 3.10, this difference in the probabilities of peak values from the experiments and the
simulations can be seen. Here it has to be noted that to get proper statistics, the bin size used
in the creation of the experimental BSDs is rather coarse. As a consequence the maximum
value for a sharp peak in the BSD is hard to determine. Hence, one should be very careful in
drawing conclusions from the maximum probability alone.

In the top section, the behavior of both the distributions is very similar. At Wecritical = 1
an enhanced break-up rate over-predicts the break-up profile but matches very well with the
coalescence profile. A higher critical Weber number, i.e. less bubble break-up, matches well
with the experimental break-up profile, but over-predicts the coalescence rate in the column.
The different profiles are not so sensitive to the value of CCF in this section.

In the middle section also, for low critical Weber number, an enhanced break-up rate is ob-
served in break-up profile. The coalescence profiles match well for all the sets of CCF and
critical Weber number for both the distributions.

In the column bottom section, apart from the results for CCF = 0.1 for distribution D1, all
data sets are in good accordance with the experimental profile. The results for high critical
Weber number, i.e. Wecritical = 12 (little break-up), under-predict the break-up profile.

Considering all bubble velocity and diameter profiles, the settings that give the best match to
experimental data for both the coalescence and break-up are: Wecritical = 12, CCF = 0.1.

3.4.5 Inlet superficial velocity of 2 cm/s

Data sets similar to the ones discussed in the previous section are also calculated for an
inlet gas superficial velocity of 2 cm/s. The bubble vertical velocity profiles for the two
distributions and various combinations of critical Weber number and CCF are calculated at
the three specified heights (see Figure 3.11). The results are compared with the experimental
data and it is found that all the data sets are in good agreement with the experimental profiles.
A minor thing to note here can be the stronger central up-flow for the high critical Weber
number, which can be explained by less break-up and therefore presence of larger, fast rising
bubbles in the column.

The experimental bubble size distributions show a bimodal nature for this velocity (see Figure
3.12). However, the second peak is not so pronounced in the bottom section. The simula-
tions are not able to capture any bimodal nature in the bubble size distributions. However
for Wecritical = 1, the bubble break-up and coalescence profiles match quite well with the
experimental data for all three measurement windows and both distributions.
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(a) bubble vertical velocity at h=0.45 m with inlet bubble distribution D1 (left) and D2 (right)
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(b) bubble vertical velocity at h=0.30 m with inlet bubble distribution D1 (left) and D2 (right)
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(c) bubble vertical velocity at h=0.15 m with inlet bubble distribution D1 (left) and D2 (right)

Figure 3.11: Bubble vertical velocity across the column width for gas superficial velocity
of 2 cm/s at column height of (a) 0.45 m, (b) 0.30 m and (c) 0.15 m for inlet bubble size
distribution D1and D2.
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(a) top section with inlet bubble distribution D1 (left) and D2 (right)
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(b) middle section with inlet bubble distribution D1 (left) and D2 (right)
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(c) bottom section with inlet bubble distribution D1 (left) and D2 (right)

Figure 3.12: Bubble size distribution for gas superficial velocity of 2 cm/s in (a) top, (b)
middle and (c) bottom section of the column for inlet bubble size distribution D1 and D2.
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Apart from the break-up profile in the bottom section, Wecritical = 12 also gives a good match
for distribution D2. Results are almost insensitive to the CCF values except in the bottom
section, where a higher value of CCF is able to predict the experimental profile more closely.

The mean diameter and standard deviations for various measurement windows and the overall
column are also calculated and compared with experimental data for all the data sets (see
Table 3.3). The overall data suggests that the Wecritical = 12,CCF = 0.1 with low break-
up and low coalescence performs better, even though it under-predicts the break-up profile
specially in the bottom section. Therefore before one can be sure of what parameters to use,
an optimal critical Weber number in range [1,12] needs to be found, while CCF dependency
can be tested along with the provided critical Weber number.

3.5 Conclusions

A new hybrid model based on combined volume of fluid and discrete bubble modeling has
been proposed. The model is validated experimentally with the benchmark liquid PIV results
of Deen et al. (2001). The dynamics of the free surface at gas liquid interface is also captured
in the simulations. Bubble break-up and coalescence maps are studied and it is found that
while coalescence is dominant near the inlet nozzles, the bubble break-up is concentrated
near the interface.

The model characterization parameters identified for bubble break-up and coalescence are
critical Weber number and coalescence calibration factor, respectively. These parameters are
studied for two different inlet bubble size distribution and two gas superficial velocities. For
both superficial gas velocities a first peak in the BSD is observed around d = 2.5 mm, which
corresponds an Eötvös number of Eö ∼ 1. It appears that this provides a lower value of
the bubble size, below which breakup does no longer takes place. For both superficial gas
velocities, two overlapping peaks around d = 2.5 and d = 5 mm are observed. For the lowest
superficial gas velocity there is relatively little breakup, leading to a high second peak around
d = 5 mm. For the highest superficial gas velocity, the first peak at d = 2.5 mm is dominant,
indicating an enhanced breakup in the system. Simulation results are compared with the data
provided by Lau et al. (2013) from bubble PIV experiments done in a pseudo-2D bubble
column. The results are compared for bubble vertical velocities at three column heights and
bubble size distributions in three specified measurement windows. Among all the data sets
studied, the best suited combination of model parameters with best match to the experimental
profiles is for Wecritical = 12,CCF = 0.1 with inlet bubble size distribution D2 (4±1.0).
More simulations for different superficial gas velocities and improvements in experimental
technique at higher superficial velocities and small bubble diameters can further refine the
best suited combination of parameters.
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Table 3.3: Experimental and simulation values of mean bubble diameters with standard devi-
ation

bottom middle top overall
vsup Inlet BSD Wecrit. CCF d̄±dσ d̄±dσ d̄±dσ d̄±dσ

[cm/s] [mm] [-] [-] [mm] [mm] [mm] [mm]

1.0 Experimental 4.55±1.71 4.44±1.36 4.43±1.19 4.47±1.44

D1 1 0.1 4.07±0.79 3.83±1.35 3.52±1.42 3.81±1.24
(4±0.2) 0.5 4.20±1.21 3.59±1.43 3.51±1.43 3.77±1.39

1.0 4.24±1.32 3.56±1.43 3.52±1.43 3.77±1.43
12 0.1 4.18±0.74 4.60±1.20 4.62±1.47 4.47±1.19

0.5 4.60±1.08 4.70±1.55 4.54±1.64 4.61±1.45
1.0 4.70±1.19 4.66±1.62 4.52±1.67 4.63±1.51

D2 1 0.1 3.90±0.90 3.81±1.35 3.52±1.42 3.75±1.25
(4±1.0) 0.5 3.99±1.15 3.64±1.42 3.53±1.43 3.72±1.36

1.0 4.03±1.25 3.61±1.43 3.54±1.43 3.73±1.39
12 0.1 3.99±0.88 4.50±1.26 4.60±1.50 4.36±1.26

0.5 4.34±1.12 4.65±1.53 4.54±1.63 4.51±1.45
1.0 4.48±1.22 4.62±1.59 4.51±1.66 4.54±1.51

2.0 Experimental 4.55±2.20 4.36±2.16 4.18±1.95 4.36±2.11

D1 1 0.1 3.80±1.13 3.34±1.36 3.30±1.35 3.48±1.31
(4±0.2) 0.5 3.58±1.34 3.35±1.39 3.34±1.39 3.42±1.38

1.0 3.51±1.38 3.35±1.39 3.35±1.39 3.40±1.39
12 0.1 4.28±0.93 4.61±1.55 4.39±1.67 4.43±1.43

0.5 4.58±1.33 4.46±1.72 4.39±1.74 4.48±1.61
1.0 4.66±1.47 4.44±1.76 4.40±1.76 4.50±1.67

D2 1 0.1 3.65±1.11 3.34±1.36 3.30±1.35 3.43±1.29
(4±1.0) 0.5 3.54±1.30 3.35±1.39 3.35±1.39 3.41±1.36

1.0 3.50±1.35 3.35±1.39 3.35±1.39 3.40±1.38
12 0.1 4.08±1.04 4.55±1.57 4.38±1.67 4.34±1.47

0.5 4.37±1.37 4.45±1.72 4.39±1.74 4.40±1.62
1.0 4.46±1.48 4.44±1.75 4.40±1.76 4.43±1.67
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Also it is suggested to use a critical Weber number in a range of 1-12 to find an optimum
profile with better break-up prediction. A CCF can be tuned accordingly to balance the
break-up phenomenon. Although it has been noticed that the results are not so sensitive
to the value of CCF . A better and more realistic inlet bubble size distribution can further
improve the quality of results.





4 Modeling of cutting bubbles∗

Gas-liquid flows with solid catalyst particles are encountered in many applications in the

chemical, petrochemical, pharmaceutical industries etc. Most commonly, two reactor types

are applied for large scale in the industry. They are slurry bubble column and trickle bed

reactors. Both of these types of reactors have some disadvantages limiting their efficien-

cies. To overcome these disadvantages, a novel reactor type, micro-structured bubble column

(MSBC), is proposed. In the MSBC, the micro-structuring of catalytic material is realized

by introducing a static mesh of thin wires coated with catalyst inside the column. Wires also

serve the purpose of cutting the bubbles, which in turn results in high interfacial area and

enhanced interface dynamics. The static catalytic mesh also ensures lower cost by avoiding

filtration of catalyst particles. Numerical formulation of the described reactor is based on

the 3-D discrete bubble model (DBM) presented in previous works of Darmana et al. (2005,

2007). The extended version of DBM presented here introduces wires in the existing model

and studies their effect on liquid and bubble dynamics. Bubbles and wires are represented by

spherical and cylindrical markers respectively; and the liquid flow-field is solved in the Eule-

rian gird cells. An improved drag correlation for bubbles in dense (up to 50%) swarm flow is

also incorporated in the model. The model implementation and results are verified for a wide

spectrum of parameters from the data available from previous studies, analytical results and

experimental findings. Our results show that the model is able to predict the hydrodynamic

∗Based on: Jain et al. (2013)
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behavior and bubble dynamics, including the cutting of bubbles through wire mesh, very well.

4.1 Introduction

Many processes in the chemical, petrochemical and/or biological industries involve three
phase gas-liquid-solid flows. Usually the solid material acts as a catalyst, whereas the gas
phase supplies the reactants for the (bio-)chemical transformations and the liquid phase car-
ries the product. Example processes are hydrogenations, oxygenations and Fischer-Tropsch
synthesis. In these processes, the performance of the reactor is mostly constrained by the
interfacial mass transfer rate and the achievable in-situ heat removal rate. To improve upon
these drawbacks, a novel reactor type is proposed here. It is computationally investigated
here with a model based on first principles, in an Eulerian-Lagrangian framework. This new
reactor type comprises a micro-structured bubble column (MSBC).

In this reactor, micro-structuring of the catalytic material is realized by the introduction of
a static mesh of thin wires (coated with catalyst material) placed inside the bubble column.
The wire mesh serves a number of purposes including cutting bubbles into smaller pieces
(resulting in high interfacial area), enhancing interface dynamics (increasing mass transfer
coefficient), avoiding filtration of catalyst particles (lowering costs). Cooling pipes can also
be introduced so as to facilitate the heat removal process.

Since the past few decades, efforts have been made to understand and demonstrate the work-
ing of bubble columns through various empirical correlations, theoretical models and com-
putational fluid dynamics (CFD) modeling. Extensive review of such studies are presented
in Shah et al. (1982), Deen et al. (2010). Various modifications in bubble columns have been
proposed from time to time, often equipped with sieve trays, structured packing or vertical
shafts, in combination with static mixers. All these modifications are suggested to reduce
gas/liquid back-mixing and achieve uniform bubble distribution. Chen and Yang (1989) have
studied the characteristcs of a multi-staged bubble column with screen sheets made of wo-
ven stainless steel wires. Research has also been performed with staged bubble columns with
trays made of fibrous catalyst material Höller et al. (2000, 2001b); Kiwi-Minsker et al. (2004).
These studies provide design and modeling information for multi-staged bubble columns,
with and without reaction. Höller et al. (2000) studied the hydrodynamics in a non-reactive
system by considering the effect of superficial gas velocity on various flow regimes. In a
later study, the observed mass transfer coefficient was reported 10 times higher than that of
a column without stages Höller et al. (2001a). The proposed MSBC reactor resembles these
staged columns and hence it can be inferred that gas redistribution and high mass transfer can
be obtained in it.

Measurement of bubble size distribution (BSD) is of paramount importance to quantify the
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column performance. Various techniques have been used to measure BSD, including wire
mesh sensors. Therefore, intrusive effect of wires on bubbles has been investigated by several
authors. Prasser et al. (2001, 2005) demonstrated the cutting of a single large bubble through
wire mesh sensors by using high speed imaging and stated that slugs tend to distort as they
pass through the wires. Ito et al. (2011) also concluded the effect of the wires on bubble
dynamics in column. So, it can be concluded that the study of effect of wires on bubble
dynamics is important while modeling the MSBC reactor.

A 3-D Discrete Bubble model (DBM) or Euler-Lagrange model is used in this study. It adopts
a continuum description for the liquid phase, and tracks each individual bubble using Newto-
nian equations of motion following Darmana et al. (2005, 2007). Use of bubble coalescence
model (Darmana et al. (2006)) and bubble breakup model (Lau et al. (2014)) have been vali-
dated in previous studies. Modifications have been made here to include the additional drag
induced on liquid and cutting of bigger bubbles due to the presence of wires.

The outline of this chapter is as follows: first a description of the model is given. Subse-
quently, numerical implementation and specific modifications in the DBM are detailed. Sub-
sequently, the verification and validation of the method is presented, followed by discussion
and conclusions.

4.2 Governing equations

The simulation model used here is an extension of the discrete bubble model (DBM), which
is based on the Euler-Lagrange approach. It adopts a continuum description of the liquid
phase and a Lagrangian description for the bubbles. The effect of wires (i.e. fluid-structure
interaction) is also incorporated using a source term in the fluid phase momentum equation.
This allows for a direct consideration of additional effects related to bubble-bubble, bubble-
wire, wire-liquid and bubble-liquid interactions. The hydrodynamic model can be extended
for bubble breakup with the model of Lau et al. (2014), though this has not been considered
in the current study. A new bubble cutting algorithm is proposed and its implementation in
the model has been described as well.

4.2.1 Liquid phase hydrodynamics

The liquid phase is described by the volume-averaged Navier-Stokes equation consisting of
the continuity and momentum equations. The presence of bubbles and wires is reflected by
the liquid phase volume fraction εl , the source term that accounts for the inter-phase mass
transfer Ṁ, and inter-phase momentum transfer Φ:

∂ (εlρl)

∂ t
+(∇ · εlρlu) = (Ṁb→l− Ṁl→b) (4.1)
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∂ (εlρlu)

∂ t
+(∇ · εlρluu) =−εl∇p− (∇ · εlτl)+ εlρlg−Φl→b−Φl→w (4.2)

where g is the gravity constant, ρl , u and p, respectively are the density, velocity and pressure
for the liquid phase. All three phases are assumed to be incompressible, which is a reasonable
assumption considering the limited height of the simulated systems. It is to be noted here that
in absence of mass transfer, Ṁ is zero. Φl→b and Φl→w represent the momentum transfer
from liquid phase to bubbles and wires, respectively.

The inter-phase momentum transfer terms are obtained mapping the force densities of bubbles
and wires through a polynomial mapping function given by Deen et al. (2004).

Φl→b =
∑Nbub

i=1 FiD(xi−x)

Vcell
(4.3)

Φl→w =
∑Nw

i=1 FiD(xi−x)

Vcell
(4.4)

These inter-phase momentum transfer terms for bubbles and wires can be represented as
a sum of velocity-dependent and velocity-independent coefficients. There is no velocity-
dependent coefficient in the case of wires, as wires are kept stationary in the column.

Φl→b = αl→b +βbul (4.5)

Φl→w = βwul (4.6)

The liquid phase stress tensor τl is assumed to obey the general Newtonian form given by:

τl =−μe f f ,l

[(
(∇u)+(∇u)T

)
− 2

3
I(∇ ·u)

]
(4.7)

where μe f f ,l is the effective viscosity. In the present model, the effective viscosity is com-
posed of two contributions, the molecular viscosity and the turbulent viscosity:

μe f f ,l = μL,l +μT,l (4.8)

The subgrid-scale model of Vreman (2004) is employed for the turbulence modeling.

μT,l = 2.5ρlC2
S

√
Bβ

αi jαi j
(4.9)

where Cs is a model constant with a typical value of 0.1, αi j = δu j/δxi, βi j = Δ2
mαmiαm j and

Bβ = β11β22−β 2
12 +β11β33−β 2

13−β22β33−β 2
23 . Δi is the filter width in the i direction.
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4.2.2 Bubble dynamics

Bubble tracking

The motion for each individual bubble is computed from Newton’s second law while account-
ing for bubble-bubble and bubble-wall interactions via an encounter model of Hoomans et al.
(1996). The liquid phase contributions are taken into account via the inter-phase mass trans-
fer rate ṁ and the net force experienced by each individual bubble. For an incompressible
bubble, the equations can be written as:

ρb
dVb

dt
= (ṁl→b− ṁb→l) (4.10)

ρbVb
dv

dt
= FG +FP +FD +FL +FV M +FW (4.11)

where ρ , Vb, and v, respectively are the density, volume and velocity of the bubble. The net
force acting on each individual bubble is calculated by considering all the relevant forces. It
is composed of separate, uncoupled contributions such as gravity, pressure, drag, lift, virtual
mass and wall forces. Expressions for each of these forces can be found in Table 4.1. Detailed
discussion about these forces can be found in Darmana et al. (2007). Note that the drag, lift
and wall force closures used in the present study are obtained from Tomiyama et al. (1995,
2002). In recent studies by Roghair et al. (2011), a correction for the drag force to account
for swarm effects has been proposed:

CD

CD,∞(1−η)
= 1+

(
18
Eö

)
η (4.12)

where η is the gas fraction. The drag coefficient used for this closure does not take effects
of contaminations into account (i.e. pure liquid). Therefore in this study, this correction
closure of Roghair et al. is used with the single bubble drag coefficient (CD,∞) proposed by
Tomiyama et al. for contaminated liquid. Also, the above closure being defined for two-phase
systems, needs to be modified when an additional phase (wires) is present. Since, the wires
in the system are static, they do not contribute to the buoyancy force acting on the bubble.
The effective gas and liquid fractions are obtained after excluding the wire volume from the
calculation. Thus the modified closure can be written as:

CD

CD,∞(1−ηe f f )
= 1+

(
18
Eö

)
ηe f f (4.13)

where ηe f f is defined as:
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ηe f f =
εg

1− εw
(4.14)

Table 4.1: Overview of forces acting on a bubble.

Forces Closures

FG = ρbVbg -

FP =−Vb∇P -

FD =−1
2
CDρlπR2

b|v−u|(v−u)

CD,∞ = max
[[

24
Re

(1+0.15Re0.687)

]
,

8
3

Eö
Eö+4

]
CD

CD,∞(1−α)
= 1+

(
18
Eö

)
α

FL =−CLρlVb(v−u)×∇×u

CL =

⎧⎪⎨
⎪⎩

min [0.288tanh(0.121Re) , f (Eöd)] ; Eöd < 4
f (Eöd) ; 4≤ Eöd < 10
−0.29 ; Eöd ≥ 10

f (Eöd) = 0.00105Eö3
d −0.0159Eö2

d −0.0204Eöd +0.474

Eöd =
Eö

E2/3 ; E =
1

1+0.136Eö0.757

FV M =−CV MρlVb

(
Dbv

Dbt
− Dbu

Dbt

)
CV M = 0.5

FW =−CW Rbρl
1

D2
bw
|u−v|2 ·n CW =

{
e(−0.933Eö+0.179) ; 1≤ Eö < 5
0.0007Eö+0.04 ; Eö≥ 5

Coalescence

The bubble coalescence model proposed by Sommerfeld et al. (2003) is used in the current
study. This model predicts the collision using a stochastic inter-bubble collision model. Bub-
ble coalescence is incorporated by comparing the contact time with the film drainage time,
which is calculated by the model of Prince and Blanch (1990). Such implementation of bub-
ble coalescence has already been verified earlier in the work of Darmana et al. (2006).

Cutting

A bubble cutting model based on the relative geometrical positioning of wires and bubbles
is proposed here. As indicated in Figure 4.1a, a parent bubble approaching the wire mesh
is indicated by a dotted grey line with a diameter equal to db. The wires in the mesh are
indicated by the black dots, and are positioned on a pitch equal to p and with an opening of
s. Above a certain bubble diameter to the pitch ratio, cutting of the bubble is invoked.

For the purpose of cutting, the bubble is represented by a cuboid with a width and depth equal
to the bubble diameter and a height H that is chosen such that the volume is conserved, i.e.
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(a) Bubble cutting (b) Bubble positioning

Figure 4.1: Pictoral illustration of the bubble cutting algorithm

VPb =
π
6

d3
b = Hd2

b (4.15)

where VPb is the volume of the parent bubble. The cuboid is placed such that the center of
mass of the original bubble and the cuboid coincide. Daughter bubbles (A, B, C, D) are being
cut-off with a maximum size dictated by the mesh opening, i.e.

VDb,max =
π
6

s3 = hp2 (4.16)

where VDb,max is the maximum volume that a daughter bubble is allowed to have. The volume
of a daughter bubble can be less than this value in case the boundary of the parent bubble does
not completely span over the mesh pitch (bubbles A and D in this case). The remainder of the
bubble is left below the mesh as a residual bubble (bubble E) with a volume VRb given by:

VRb = max(0,(H−h)d2
b) (4.17)

where the values of H and h can be found from Equation 4.15 and 4.16. As shown in Figure
4.1b, the residual bubble is placed such that the coordinates of its bottom coincide with that
of the parent bubble. The daughter bubbles are positioned above the wires randomly in the
vicinity of the residual bubble. The velocities of these daughter bubbles are set equal to that
of the parent bubble; however the residual bubble is given a zero velocity accounting for
the momentum loss through the interaction with the wire mesh. Such behaviour has been
observed in studies by Höller et al. (2000), where gas pads were found just below the fibrous
layers. A more refined model can provide better velocity estimates for the velocities of these
newly formed bubbles, but that is outside the scope of this work.
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4.2.3 Wire-mesh interactions

The wires are treated as static solid cylindrical particles defined in the Lagrangian domain.
Bubble-wire interactions are kept limited to the bubble cutting phenomena and no bubble-
wire collision is being taken in consideration. However, apart from the cutting the bubbles
experience the wires indirectly due to the altered hydrodynamic behavior close to mesh; the
liquid phase contributions are taken into account by calculating the net force experienced by
each individual wire. The net force exerted by all the wires on the liquid can be obtained
from the summation of the forces applied by the individual wires:

Fw→l =
Nw

∑
w=1

FD,w = ∑−
(

1
2

CDρlAw |ul |
)

ul (4.18)

where Aw is the projected area of wire in the direction of liquid flow. The proposed drag
coefficient used here takes a form of:

CD =
4.15
Re

(1.0+1.27Re0.48)+0.85 (4.19)

which is obtained by curve fitting the experimental data of flow past a single cylinder by
Wieselberger (1921). This correlation gives an accurate fit for Re < 106. In future simula-
tions, we plan to a more detailed drag law obtained from direct numerical simulations for
flow around crossing cylinders, which was derived by Segers et al. (2013).

4.2.4 Euler-Lagrange coupling

All the fluid properties at Eulerian grid points and resolved forces for each bubble at La-
grangian grid points are mapped in Lagrangian and Eulerian domains respectively, using a
polynomial mapping function given by Deen et al. (2004). Detail description of such Euler-
Lagrangian coupling is given in Darmana et al. (2005). In our system, additional Lagrangian
phase in form of wires is present. As these wires are static, the calculation of interphase mo-
mentum transfer term at wire location is not needed. Therefore, the projected area of wires
(normal to the flow) is mapped to the Eulerian domain using area weighing (see Delnoij et al.
(1997)), where the drag force is directly calculated (see equation 4.18).

4.3 Numerical implementation

In this section the numerical implementation of the model as described in section 2 will be
described briefly.
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4.3.1 System geometry and boundary conditions

Our system comprises of a rectangular bubble column with a square base. Air and water are
the gas and the liquid phase respectively. A 3-D DBM as described and used in works of
Darmana et al. is taken as the base model for the current system. The x- and y-directions are
in the horizontal plane, whereas z indicates the vertical coordinate direction. It is to be noted
that the column is symmetric w.r.t. x- and y- directions. Nozzles are placed in the column
bottom plane, symmetrical to the central vertical axis, in a square pitched arrangement.

The boundary conditions are imposed on the column using a flag matrix concept of Kuipers
et al. (1993). In the current system, the side and bottom walls are treated as no slip boundaries.
At the column top, a free slip condition is applied and the liquid is allowed to move up and
down uniformly to allow variations in the gas holdup in the column.

4.3.2 Wire mesh implementation

The force exerted by wires on the liquid flow field is already described in the previous section
in equation 4.18. Here we will discuss the numerical implementation of wires in the existing
DBM. In our system, wires are treated as static cylindrical objects. Each wire is given a
unique index number, so that the force exerted by each wire can be calculated independently.
The index number is also used to detect and cut large bubbles. Position and normal vectors
have been defined for each wire to specify position and orientation of the wire, respectively.
Since wires are static, the velocity vectors are specified with value zero. Length and diameter
for wires are given in accordance with the system geometry. An extra variable, mesh index,
is also introduced for the cases with multiple meshes. A pictorial representation of wire mesh
parameters is provided in the appendix.

Here, only one mesh is defined in the column and so the mesh index is 1. The mesh is
horizontally placed at half the column height. All the wires are either parallel or perpendicular
to the column wall. Wires are uniformly spaced across the width and depth of the column
in the mesh. The number of wires across the width and depth are calculated using the pitch
of the mesh. Therefore, if the pitch is equal to the grid size, there will be exactly two wires
passing through each grid cell, one in the x-direction and one in the y-direction. Given the
wire positions and dimensions, the volume fraction of wires at cell center and staggered (wall)
positions of control volumes are calculated. It is to be noted here that the opening of mesh is
equal to the distance between two neighboring wires, while the pitch is the distance between
their centres.

In the calculation of the liquid hydrodynamics, the volume fraction due to the wires is taken
into account, by calculating the liquid volume fraction as:
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εl = 1− εg− εw (4.20)

4.4 Model verification

In this section a step by step verification of the simulation model is provided, starting from
base model of DBM till incorporation of bubble breakup, coalescence and cutting with wire-
mesh.

4.4.1 DBM without mesh (base model)

The base model is already verified and validated in studies of Darmana et al. (2005, 2006,
2007). The results of these studies are successfully reproduced.

4.4.2 DBM with mesh, without bubbles

A computational domain of 20× 20× 20 grid cells has been taken for the verification. No
bubbles have been ensured in the column, such that only hydrodynamic study is performed.
A free slip boundary condition at side walls (flag 2) is provided to avoid any drag caused by
walls. A liquid influx velocity of 1.0 m/s is taken with gravity acting opposite to the flow
direction. A set of 5 meshes perpendicular to the flow is taken to measure the pressure drop
caused by wires. Three different cases and results are studied with the current settings for the
wiremesh validation one each with inflow and outflow in x-, y- and z- direction (case 1, 2 and
3, respectively). All other walls are treated as free slip boundaries.

In all the three cases, the obtained pressure drop is solely due to wires, which can be compared
with the analytical pressure drop calculated from the Navier-Stokes equation for a steady
regime. For the current settings with flow in z- direction, pressure drop is reduced to:

ΔP =
(βuz)Vcell + εlmg

εl(NX×DX)(NY ×DY )
=

(0.5cDρlA|uz|uz)+ εlρlVcellg

εl(NX×DX)(NY ×DY )
(4.21)

where calculation of β is provided in equation 4.6.

Calculated value of pressure drop matches well with the simulated value with an accuracy
of 0.01 % for all the three cases. This confirms the correct hydrodynamic implementation of
wire-mesh in the column, as well as the isotropic nature of the model.

4.4.3 Single rising bubble in quiescent liquid with single mesh

To verify the effect of mesh on bubble dynamics, we consider a case in which a single bubble
rises through a quiescent liquid. The terminal rise velocity of bubble can be analytically
calculated by equating the buoyancy and drag force of the bubble.
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Figure 4.2: Porosity, pressure and velocity profiles in a liquid channel with wiremesh for case
3. Similar profiles for case 1 and case 2 were obtained.

vterminal =

(
8(ρl−ρb)Rbgz

3cDρl

)1/2

(4.22)

Using ρl = 1000 kg/m3, ρb = 1 kg/m3, gz = 9.81 m/s2, and σ = 0.073 N/m, we obtain a
terminal rise velocity of 0.2368 m/s. Note that the cD is calculated using the correlation
given in Table 4.1. The interphase mapping is done using a polynomial function proposed
by Deen et al. (2004). Two cases are studied: with and without liquid flow field around
the bubble. With no liquid flow field, simulation matches with the analytical solution of
vterminal = 0.2368 m/s (see Figure 4.3).

With liquid flow field around the bubble, an expected wobbly behavior is obtained for the
bubble velocity. This can be attributed to the numerical discontinuity faced by bubble while
passing from one grid cell to other. The effect of mesh (shaded portion in the graph) on
bubble dynamics is evident from the dip and subsequent rise in the bubble rise-velocity in the
vicinity of mesh.
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Figure 4.3: Single air bubble rise velocity in an initially quiescent column filled with water.

4.4.4 Bubble cutting through wires

Single bubble cutting is analysed to verify the implementation of bubble cutting algorithm.
One bubble rising is ensured by using one nozzle in center of column bottom plate and low-
ering gas superficial velocity. The liquid flow-field is not solved to prevent its effect of liquid
on bubble positioning. Simulation settings are provided in Table 4.2

A cross section of (DX*DY) is marked around the nozzle in such a way that nozzle is exactly
in center (see Figure 4.4). This area is further divided in four quadrants. Four cases are
simulated, (one case each for nozzle locations in each quadrant). For example, in case 1,
nozzle locations are only in quadrant 1. Nozzle locations within a particular quadrant are
specified in a random manner using random number generator of GSL library.

Initial bubble radius is taken as 8 mm which is large enough to monitor the cutting results.
Verification is done in terms of the bubble size distribution and bubble spatial co-ordinates in
x- and y- directions, at the time bubbles leave the column and is shown in Figure 4.5. Similar
results are obtained for bubble y coordinates.
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Figure 4.4: Four quadrants chosen around nozzle for bubble injection

Table 4.2: Simulation parameters for cutting verification

Parameter Units

Column dimension m 0.15×0.15×0.30

Number of grid cells (NX×NY ×NZ) - 20×20×40

Grid size DX ,DY,DZ m 0.00750

Bubble initial diameter m 0.01600

Wire-mesh height m 0.15375

Wire diameter m 0.00375

Wire-mesh pitch m 0.00750

Simulation time s 2000

Bubbles/ simulation - ~6000
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Figure 4.5: Time averaged results for bubble positions at column outlet.

4.5 Results and discussion

The model has been verified thoroughly in the previous section. For quantitative evaluation
of the presence of the wire mesh, results are presented below with varying mesh parameters
(wire diameter and mesh pitch) and bubble superficial velocities.

Different cases studied are provided in Table 4.3, for which time-averaged Sauter mean diam-
eter (d32) as a function of column height are compared. For all the different cases mentioned,
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the time averaged results are obtained during a time interval of 8-100 s. Simulation parame-
ters common to all case studies are presented in Table 4.4. The Sauter mean diameter can be
calculated as:

d32 =
∑d3

∑d2 (4.23)

Table 4.3: Various cases studied with varying parameters.

Superficial Wire diameter Mesh opening Mesh pitch

gas velocity [m/s] [m] [m] [m]

Case 0 5.0×10−3 n. a. n. a. n. a.

Case 1 5.0×10−3 0.70×10−3 4.5×10−3 5.2×10−3

Case 2 5.0×10−3 0.70×10−3 6.8×10−3 7.5×10−3

Case 3 10.0×10−3 0.70×10−3 4.5×10−3 5.2×10−3

Case 4 15.0×10−3 0.70×10−3 4.5×10−3 5.2×10−3

Table 4.4: Simulation parameters common to all cases.

Parameter units Value

Liquid density kg/m3 1000

Shear viscosity Pa · s 1.0×10−3

Surface tension N/m 0.073

Gas density kg/m3 1.0

Initial bubble diameter m 4.00×10−3

Grid size m 5.00×10−3

Pitch of nozzles m 6.25×10−3

Number of nozzles - 49

Domain, x× y× z (z=height) m×m×m 0.15×0.15×0.30

Time step flow solver s 1.0×10−3

Time step bubbles s 5.0×10−5
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Figure 4.6: Time averaged Sauter mean diameter (d32) as a function of column height for t =
8-100 sec for grid sizes of 3.75 mm, 5.0 mm and 7.5 mm.

Time-averaged volumetric probability of bubble diameter at specific heights in column is also
plotted to measure BSD at various heights inside the column. The volumetric probability
P(di) for a particular diameter di can be defined as:

P(di) =
∑d3

i

∑Nbins
i=1

(
∑d3

i

) (4.24)

where Nbins is the number of bins used to create the histograms. Volumetric probability is
chosen here over the number density as it gives the BSD in terms of gas holdup.

4.5.1 Effect of grid size

It is important to establish the grid size required for the modeling of wire mesh contactor.
With a very coarse grid we can loose some important details necessary for the formulation of
bubble breakup and coalescence characteristics. Here, three different grid sizes, 7.5 mm, 5.0
mm & 3.75 mm, are used for the simulation settings for case 1.

From the results it can be concluded that the solution approaches grid independency as we
go towards the finer grid sizes. The profiles for bubble diameter for the grid sizes of 5.0 mm
and 3.75mm overlap for the section above the wires. However, there are some differences
in this profile for the section below mesh, it can be safely assumed that necessary details are
captured with required accuracy for grid sizes of 5.0 mm.
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(a) Instantaneous velocity pattern in column without
wire-mesh

(b) Separate velocity patterns above and below wire
mesh

(c) Cutting of large bubbles by wires in smaller bubbles

Figure 4.7: Simulation snapshots for instantaneous liquid velocity patterns with and without
wire mesh in a bubble column and illustration of bubble cutting while rising through the
mesh.
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Figure 4.8: Time-averaged Sauter mean diameter (d32) as a function of column height during
t = 8-100 sec with and without mesh.

Grid sizes exceeding 7.5 mm seem to be too coarse to capture the details accurately. There-
fore, for this particular study a grid size of 5.0 mm is chosen.

4.5.2 Mesh vs no mesh

To study the efficacy of a wire-mesh insertion for cutting the bubbles, we have investigated
its effect on the dynamics of a dense swarm of bubbles (case 0 and case 1).

As seen in 4.7, the cutting of larger bubbles into smaller bubbles is quite evident. These
findings are further supported by the time-averaged mean Sauter diameter profiles along the
column height, which are shown in 4.8. After bubbles are introduced in column through
sparger, they tend to grow as they rise higher in the column, due to coalescence. When the

bubbles meet the wire-mesh at height z= 0.15 m, they are cut, leading to to a reduction in
bubble size. However, after reduction in bubble size by cutting, bubbles again tend to grow in
size again. This can be countered by the use of multiple wire-mesh put close to each other in
the column, so that the bubbles are cut as soon as they grow in size. Such stacked arrangement
of wire-mesh may lead to a plug flow kind of behaviour in the column, with reduced liquid
backmixing. An indication for reduced liquid backmixing can be seen in the 4.7b, where a
compartmentalized flow pattern can be seen above and below the mesh.
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Figure 4.9: Time-averaged volumetric probability distribution of bubble diameter inside the
column for t = 8-100 sec with and without mesh. Mesh is located at z = 15 cm.

4.5.3 Effect of mesh opening

The mesh opening plays a very important role in dictating the formation of new bubbles by
cutting. It has been experimentally observed that a very fine opening may lead to accumu-
lation of bubbles below the mesh in the form of gas pads (Höller et al. (2000)). This can be
avoided by increasing the pitch.
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Figure 4.10: Time-averaged Sauter mean diameter (d32) as a function of column height for t
= 8-100 sec for mesh pitch of 7.5 mm and 5.2 mm.

However, very large pitches are also not desired as they may lead to bubble bypassing instead
of cutting. Here two different mesh openings (case 1 and case 2) are compared, and results
show that it indeed plays a very important role in defining the BSD across the column.

As expected, the bubbles in case 2, with a larger mesh opening, have higher a diameter
above the mesh than those made in case 1 with a small mesh opening (see 4.10 & 4.11). As
obtained from the model, the events for bubble cutting show a tremendous increase (12 times
more bubbles are cut in 4.5 mm), when going from 6.8 mm to 4.5 mm mesh opening.

4.5.4 Effect of gas superficial velocity

Gas superficial velocity is a key factor in defining the flow profile inside the column. In the
DBM, a coalescence event is only allowed to take place if the newly formed bubble does not
overlap neighbouring bubbles. In that case, the event is reverted, and no coalescence event

takes place. Particularly at high superficial gas velocities, the local gas volume fraction is
high, and coalescence events are frequently reverted.

The effect of this is quite evident in Figure 4.12, where near the bottom of the column very
little bubble size increase is observed for higher velocities, as compared to the lowest super-
ficial gas velocity. However, the trends for bubble cutting are the same for all the velocities,
once the bubbles pass through the mesh. To have a better understanding of the effect of the
bubble superficial velocities, alternative implementations of the bubble coalescence model
for high velocities will need to be explored in the future.
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Figure 4.11: Time-averaged volumetric probability distribution of bubble diameter inside the
column for t = 8-100 sec for mesh pitch of 7.5 mm & 5.2 mm. Mesh is located at z = 15 cm.

4.6 Conclusions and outlook

It has been demonstrated that the wire mesh inside a bubble column reactor can serve a num-
ber of purpose including the cutting of larger bubbles into smaller ones and thereby increasing
the interfacial area. To study the effect of wires on the bubble and liquid hydrodynamics, a
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Figure 4.12: Time-averaged Sauter mean diameter (d32) as a function of column height for t
= 8-100 sec for initial bubble superficial velocity of 0.5 cm/s, 1.0 cm/s & 1.5 cm/s.

new model for cutting of bubbles is proposed. This model is based on the 3-D DBM model
presented in the studies of Darmana et al. (2006).

The proposed algorithm is tested against a number of verification cases and is found to be
ready to extend the existing DBM model for the proposed MSBC reactor model. The key
parameters identified for the initial study of effect of mesh include the grid size, the mesh
opening and the superficial gas velocity. It is found that all of these parameters play a very
important role in defining the system.

• It is important to choose a correct grid size for simulation to capture the essential liquid
and bubble dynamics. A grid independency can be achieved for grid sizes equal to or
less than 5.0 mm.

• Inclusion of mesh inside a column results in formation of separate liquid circulation
patterns for sections above and below the mesh. This results in less liquid backmixing.
Also, cutting of bubbles by wires reduces the mean bubble diameter, thus increasing
the gas interfacial area in the column. Multiple meshes placed close to each other can
be used in the column. This may help to provide a homogeneous BSD in column along
with a plug flow like behaviour of the liquid.

• Mesh opening has a very strong and direct influence on bubble cutting and is so far the
most important parameter to control and define the extent of cutting in column. A finer
mesh results in a very high rate of cutting and thus high gas interfacial area. However,
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Figure 4.13: Time-averaged volumetric probability distribution of bubble diameter inside the
column for t = 8-100 sec for initial bubble superficial velocity of 0.5 cm/s, 1.0 cm/s and 1.5
cm/s. Mesh is located at z = 15 cm.

a too fine mesh is not advisable due to clogging of gas in form of gas pads below the
mesh.

• Effect of gas superficial velocity will require further study, due to the limitations of
the coalescence model at high local gas volume fractions. However once bubbles have
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been cut by the wires, the BSD is the same for the various velocities studied.

The model is subject to further refinement with better understanding of bubble coalescence
and breakup characteristics. Also more detailed physics of the flow around the wires can be
included in the cutting model to understand the effect of wire geometry, orientation and wire
thickness on column performance.



5 Chemisorption with multiple mesh

In the preceding chapters, a novel reactor type, a micro-structured bubble column (MSBC),

was proposed. In the MSBC, micro-structuring of the catalyst carrier is realized by introduc-

ing a static mesh of thin wires coated with catalyst inside the column. Wires also serve the

purpose of cutting the bubbles, which in turn results in high interfacial area and enhanced

interface dynamics. Moreover, the static catalytic mesh ensures lower cost by avoiding filtra-

tion of catalyst particles. In this chapter, the MSBC is numerically studied using the hybrid

volume of fluid - discrete bubble model (VOF-DBM) presented in chapter 3. The VOF-DBM

is extended with a description of wire-meshes and the bubble cutting algorithm as introduced

in chapter 4. Furthermore, a model for mass transfer with chemical reaction as developed

by Darmana et al. (2007) is included in the model to study the impact of the wire-mesh and

bubble cutting on the chemical reaction rate. In this chapter, first the model implementation

and results are verified for a wide spectrum of parameters from the data available from previ-

ous studies, analytical results and experimental findings. Subsequently the model is applied

to carry out a parameter study on the chemisorption of CO2 in a NaOH solution, employing

different mesh configurations. Since the reaction chosen here is very fast, mass transfer is

the limiting step. It is found that the mass transfer can be considerably increased by stacking

multiple meshes in the column.

73
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5.1 Introduction

Gas-liquid-solid reactive flows are encountered in many industrial processes. The transport
of reactants and the chemical reaction takes place in the gas and/or liquid phase, whereas a
catalyst is usually introduced in the form of solid particles to facilitate the reaction. Major
industrial processes where such flows are encountered include alkylation, hydrogenations,
oxygenations, waste-water treatment and Fischer-Tropsch synthesis. Two reactor configu-
rations are frequently used on a large scale in industry, namely slurry bubble columns and
trickle bed reactors. In slurry bubble column reactors, the particles are suspended in the liq-
uid, while in trickle beds they are immobilized in a fixed bed. Slurry bubble columns exhibit
excellent mixing and heat transfer properties, but the mass transfer suffers from the coales-
cence of bubbles as they rise in the column. Bubble coalescence is unwanted as it reduces the
net interfacial area for mass transfer. Trickle bed reactors possess reasonable to good mass
transfer characteristics but poor mixing and heat transfer. The “ideal” reactor combines the
advantages of both the reactor types mentioned above, a novel type of reactor is proposed in
Jain et al. (2013): a micro-structured bubble column (MSBC).

In this reactor, static meshes of catalyst coated wires are inserted in the reactor. The wire
mesh serves a number of purposes including cutting big bubbles into smaller ones (resulting
in a high interfacial area), enhancing interface dynamics (increasing the mass transfer coeffi-
cient), avoiding filtration of catalyst particles (leading to lower costs). If needed, internals like
cooling/heating pipes can also be inserted in the column to facilitate the local heat transfer.

Several efforts have been made by various researchers in the past decades to enhance reactor
performance and attain better control of the prevailing processes. This has led to a variety of
reactor configurations with different internals (Shah et al. (1982); Deen et al. (2010)). These
internals are mostly present in the form of trays, downcomers, packings or vertical shafts, in
combination with static mixers. All these modifications aim to reduce the liquid backmixing
and to generate a uniform bubble size distribution. More recently, efforts have been made
by Chen and Yang (1989) and Höller et al. (2000) using mesh like structures made of steel
wires and fibrous catalyst material, respectively. Höller et al. (2001a) reported that a tenfold
increase in the mass transfer rate can be achieved by staging such fibrous structures in the
bubble column. Jain et al. (2013) have proposed the micro-structuring in the column to study
the effect of bubble cutting with wires. The effect of cutting is studied computationally using
a discrete bubble model (DBM). A reduction in bubble diameter due to cutting from the mesh
is reported which is expected to provide enhanced surface dynamics and increased interfacial
area. Here, we extend our previous work to an industrially more relevant staged reactor with
reactive components and multiple meshes.

Chemisorption, i.e. mass transfer by absorption followed by chemical reaction, is central
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to various industrial processes. For several decades, various authors have tried to study the
mechanisms and proposed computational models for design purposes. A common model
system used for this study is the absorption of carbon dioxide in a sodium hydroxide solu-
tion (Danckwerts and Kennedy (1958); Hikita et al. (1976); Westerterp et al. (1984)). This
process is characterized by interfacial diffusion, followed by reaction of aqueous CO2 with
OH− ions to form HCO−3 and CO2−

3 . Darmana et al. (2007) have presented a computational
model to study this process using the DBM. In the present work we use the above mentioned
chemisorption model to further develop the MSBC simulation model.

A numerical study of bubble coalescence and breakup using an improved version of the DBM
is presented in Jain et al. (2014), where we have proposed a new hybrid volume of fluid-
discrete bubble model (VOF-DBM). In this VOF-DBM, the gas-liquid interface is represented
using the volume of fluid approach. It is noted here that we distinguish the gas phase as the
phase present above the free surface in the top of the column while the bubbles only reside in
the liquid phase and are treated in the same way as in the DBM. Such a configuration helps in
circumventing the artificial top boundary conditions for the liquid as is used in the classical
DBM and makes the model more realistic and stable at higher gas velocities. However, in
order to apply the model to reactive systems, it needs to be extended with equations governing
the chemical species transport and reaction.

In the current work, we unify all these advancements, namely, bubble cutting with wires,
chemisorption and the VOF-DBM approach to form an overall reactor model for MSBCs.
The concept of cutting by wires has also been extended from a single mesh to various meshes
staged above each other in the column. The use of multiple meshes with adjustable mutual
distance between consecutive meshes offers a means to identify the optimal reactor configu-
ration.

The outline of this chapter is as follows: first a description of the chemisorption model is
given. Thereafter, the complete numerical model including all modifications of the original
VOF-DBM is presented. Subsequently, verification and validation of the method are shown,
followed by results and discussion. Finally, the main conclusions of this work are presented
in the last section.

5.2 Chemisorption reaction

The system studied in the present work is the chemi-sorption of CO2 in an aqueous NaOH

solution involving two consecutive reversible reactions. The whole process of absorption ac-
companied with chemical reaction or chemisorption for this particular system can be defined
via the following three steps:
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CO2(g)→CO2(aq)

CO2(aq)+OH− � HCO−3 (r1)

HCO−3 +OH− �CO2−
3 +H2O (r2)

where step 1 is the physical absorption of CO2 in the aqueous phase, while the other two
steps describe the consecutive chemical reactions. It is noted that all the three steps occur in
the liquid phase.

The physical mass transfer of CO2 gas to the liquid is represented by the first irreversible
step, whereas the other two steps are assumed reversible elementary reactions. The forward
and backward reaction rate constants for r1 are k1,1 and k1,2, while for r2 these are k2,1 and
k2,2, respectively. Thus the forward and backward reaction rates for each of the reactions can
be written as:

R1,1 = k1,1[CO2(aq)][OH−]

R1,2 = k1,2[HCO−3 ]

R2,1 = k2,1[HCO−3 ][OH−]

R2,2 = k2,2[CO2−
3 ]

More details of this chemisorption model can be found in the following section and in the
work by Darmana et al. (2007).

5.3 Governing equations

The base model of this study is the DBM presented by Darmana et al. (2005). The imple-
mented modifications will subsequently be described in more detail. The traditional “free
slip” boundary condition at the top of the column for the liquid is problematic at high gas
superficial velocities and is therefore avoided here by using the hybrid VOF-DBM model of
Jain et al. (2014). In this approach, the free surface is represented using a volume of fluid
method, while the bubbles are treated in the same way as in the base model. For mass trans-
fer with consecutive reactions, the chemisorption model and the species transport equations
from the work of Darmana et al. (2007) are included. Micro-structuring in the column is
implemented as in Jain et al. (2013) and is extended here to a column with multiple staged
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wire-meshes. The basic ingredients of the complete model will be presented in more detail
in the subsequent subsections.

5.3.1 Bubble dynamics

Each individual bubble is tracked using mass and momentum equations while accounting
for inter-bubble and bubble-wall encounters governed by the hard sphere collision model
of Hoomans et al. (1996). The interphase mass transfer rate ṁ and the net force ∑F are
calculated while considering the local liquid phase properties. The net force acting on each
individual bubble comprises of separate, uncoupled contributions of gravity, pressure, drag,
lift, virtual mass and wall forces. For an incompressible bubble, the equations can be written
as:

ρb
dVb

dt
= ṁl→b− ṁb→l (5.1)

ρbVb
dv

dt
= ∑F = FG +FP +FD +FL +FV M +FW (5.2)

where ρb, Vb, and v, respectively are the density, the volume and the velocity of the bubble.
The calculation for the interphase mass transfer term ṁ is explained later in this section. Ex-
pressions for the separate forces are listed in Table 5.1. The drag, lift and wall force closures
used in the present study are obtained from Tomiyama et al. (1995, 2002). A correction for
the drag coefficient for dense bubble swarms is suggested by Roghair et al. (2011). This
correction is included in this work with a small modification to account for the presence of
wires (Jain et al. (2013)):

CD

CD,∞(1−ηe f f )
= 1+

18
Eö

ηe f f (5.3)

where ηe f f is defined as:

ηe f f =
εb

1− εw
(5.4)

where εb and εw are the volume fractions of the bubble phase and the wires respectively. It
has to be noted here that the volume fraction occupied by wires in a cell ( 3%) is much less
than that by the bubbles, which can be as high as 30-40% in some cases.

All the forces described here are calculated at the center of mass of the bubbles and are
mapped to the Eulerian grid using the polynomial mapping function of Deen et al. (2004).
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Table 5.1: Overview of forces acting on a bubble.

Forces Closures

FG = ρbVbg -

FP =−Vb∇P -

FD =−1
2
CDρlπR2

b|v−u|(v−u)

CD,∞ = max
[

min
{

16
Re

(
1+0.15Re0.687

)
,

48
Re

}
,

8
3

Eö
Eö+4

]
CD

CD,∞(1− εb)
= 1+

18
Eö

εb

FL =−CLρlVb(v−u)×∇×u

CL =

⎧⎪⎨
⎪⎩

min [0.288tanh(0.121Re) , f (Eöd)] ; Eöd < 4
f (Eöd) ; 4≤ Eöd < 10
−0.29 ; Eöd ≥ 10

f (Eöd) = 0.00105Eö3
d −0.0159Eö2

d −0.0204Eöd +0.474

Eöd =
Eö

E2/3 ; E =
1

1+0.136Eö0.757

FV M =−CV MρlVb

(
Dbv

Dbt
− Dbu

Dbt

)
CV M = 0.5

FW =−CW Rbρl
1

D2
bw
|u−v|2 ·n CW =

{
e(−0.933Eö+0.179) ; 1≤ Eö < 5
0.0007Eö+0.04 ; Eö≥ 5

The bubble coalescence model of Sommerfeld et al. (2003) and the break-up model of Lau
et al. (2014) are also included. A more detailed description of the implementation of these
models can be found in Jain et al. (2014).

Bubble cutting in the model is embedded using the bubble cutting algorithm proposed in Jain
et al. (2013). Modifications in the previous algorithm have been made by including a tuning
parameter in the model. This parameter, that will be referred as the “cutting efficiency”, is
based on the probability that a bubble is cut when it encounters a wire-mesh. This parameter
was included to mimic that in real experiments, not all the bubbles are cut by wires and/or
bubbles recoalesce just after leaving the mesh effectively resulting in no cutting. This param-
eter can be tuned with experimental results by comparing the bubble size distributions just
below and above the mesh in the column.

5.3.2 Fluid phase hydrodynamics

The mass conservation equation for the fluid phase is described through the continuity equa-
tion. Note here that the fluid phase ( f ) includes both the liquid (l) and the gas (g) phases. The
bubble phase (b) is not included in this fluid phase, i.e.:

ε f + εb = εl + εg + εb = 1 (5.5)
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where ε represents the volume fraction. A single velocity and pressure field is used for the
entire fluid phase, i.e. the gas and liquid phases are described in a one-field approach:

ρ f

[
∂ε f

∂ t
+∇ · (ε f u f )

]
=
(
Ṁb→l− Ṁl→b

)
(5.6)

where ρ f and u f represent the fluid density and velocity, respectively. Ṁ is the source term
for the interphase mass transfer term. The momentum conservation can be described by the
volume-averaged Navier-Stokes equations:

ρ f

[
∂ (ε f u f )

∂ t
+∇ · (ε f u f u f )

]
=−ε f ∇p−∇ · (ε f τ f )+ρ f ε f g− fσ +Φb +Φw (5.7)

where fσ accounts for the surface tension acting at the gas-liquid free surface. Φb and Φw are
the interphase momentum transfer terms due to bubbles and wires, respectively.

5.3.3 Gas-liquid interface construction

The volume of fluid (VOF) approach is used to determine the interface position and orien-
tation for the gas-liquid interface. Due to the presence of bubbles in the column, the color
function or the fractional amount of liquid F is modified as:

F =
εl

εl + εg
=

εl

ε f
(5.8)

The height function model for the surface force described by Baltussen et al. (2014) is used
here. A detailed description of the hybrid VOF-DBM method and the implementation of the
interface are provided in Jain et al. (2014).

5.3.4 Wire-mesh interactions

The wires are treated as static solid cylindrical objects defined in the Lagrangian domain.
Wires exert a drag force on the fluid flow, where the net force exerted by all the wires on the
liquid is obtained from the summation of the forces applied by the individual wires:

Fw→l =
Nm

∑
m=1

Nw

∑
w=1

FD,w,m =
Nm

∑
m=1

Nw

∑
w=1
−1

2
CDρAw,m |ul |ul (5.9)

where Aw,m is the projected area of wire in the direction of liquid flow. Nm and Nw are the
number of meshes in the column and the number of wires in each mesh, respectively. A drag
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correlation for the fluid flow past crossing cylinders proposed by Segers et al. (2013) based
on DNS is used here to calculate the drag coefficient:

CD =

(
1.2288

Re
(1.0+4.0675Re0.48)+0.85

)
φ−1.9 (5.10)

where φ is the fractional open area in between the wires, depending on the wire diameter dw

and the pitch p of the mesh.

φ =

(
1− dw

p

)2

(5.11)

5.3.5 Mass transfer

The interphase mass transfer ṁ from a bubble with an interfacial surface area of ab is given
by:

ṁb = Ea · klabρl (Y ∗l −Yl) (5.12)

where Ea and kl are the enhancement factor due to reactions in the fluid phase and the mass
transfer coefficient, respectively. Y ∗l and Yl respectively are the mass fractions of the trans-
ferred species on the liquid side of the gas-liquid interface and in the bulk. The whole process
of mass transfer is driven by this concentration gradient.

Due to the chemical reactions taking place in the liquid film around the bubbles, the ab-
sorption of CO2 across the bubble interface is increased, which is quantified in terms of an
enhancement factor as:

Ea =
Molar flux with chemical reaction

Molar flux without chemical reaction
(5.13)

More details about the enhancement factor can be found in chapter 2. The enhancement
factor correlation used here is (Westerterp et al. (1984)):

Ea =

⎧⎪⎪⎨
⎪⎪⎩
− Ha2

2(Ea,∞−1)
+

√
Ha4

4(Ea,∞−1)2 +Ea,∞
Ha2

(Ea,∞−1)
+1 ; Ea,∞ > 1

1 ; Ea,∞ ≤ 1

(5.14)

where

Ea,∞ =

(
1+

DOH− [OH−]
2DCO2H[CO2(g)]

)
(5.15)
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and

Ha =

√
k11DCO2 [OH−]

kl
(5.16)

Here DA and [A] are the diffusivity and concentration of component A, respectively.

The mass transfer coefficient kl is calculated using the Sherwood number correlation from
Brauer (1981):

Sh =
kldb

D j
M

= 2+0.015Re0.89
b Sc0.7 (5.17)

where Reb and Sc are the bubble Reynolds number and the Schmidt number.

The interfacial mass fraction at the gas and the liquid side are related to each other through
the Henry constant H as:

H =
ρlY ∗l
ρbY ∗b

(5.18)

5.3.6 Species transport

The species transport equation of a chemical species j with a mass fraction of Y j
f in the fluid

is provided by Darmana et al. (2007).

∂
∂ t

(
εlρ fY

j
f

)
+∇ ·

(
εl

(
ρ f uY j

f −Γ j,e f f ∇Y j
f

))
=
(

Ṁ j
b→l− Ṁ j

l→b

)
+ εlS

j
R = S (5.19)

where S j
R is the source term accounting for the production and consumption of species j

due to the reactions in the liquid phase. This term depends on the reaction rate constants of
reactions r1 and r2. Details of these rate constants can be found in Darmana et al. (2007).
Γ j,e f f is the effective diffusivity comprising of molecular and turbulent components:

Γ j,e f f = Γ j,M +Γ j,T = ρlD j,M +
μT

Sc j
T

(5.20)

where Sc j
T is the turbulent Schmidt number defined as:

Sc j
T =

μT

ρlD
j
T

(5.21)
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where μT and D j
T are the turbulent viscosity and diffusivity respectively. In literature, a

range of turbulent Schmidt numbers ranging from 0.2 to 1.3 are used depending on the actual
application (Tominaga and Stathopoulos (2007)). In the present work, Sc j

T = 1 is used, which
requires further examination before experimental comparison can be made.

In the system here, the reaction only takes place in the liquid, and not in the gas phase above
the liquid surface. Therefore, a modification of the fluid species transport equation needs to
be made, such that it reduces to the transport equation for the liquid only. This should prevent
any convection, diffusion or reaction of species in the gas phase. To this end, the transport
equation for the fluid phase is transformed into:

∂
∂ t

(
Fε f ρ fY

j
f

)
+∇ ·

(
Fε f

(
ρ f uY j

f −Γ j,e f f ∇Y j
f

))
=
(
Ṁb→ f − Ṁf→b

)
+Fε f S j

R = S (5.22)

Note that Fε f = εl . In the gas phase, Fε f = 0. Moreover, there are no bubbles present in the
gas phase, so the interphase mass transfer term Ṁ above the liquid interface is also zero.

5.4 Model verification

In order to verify the implementation of the model, we ran two idealized test cases. The
first test case concerns a single bubble rising in a large column, whereas the second test case
comprises physical absorption of CO2 in water. The simulation settings used for these test
cases as well as for all other simulations reported in this chapter are summarized in Table 5.2.

5.4.1 Single bubble rising in the column

The verification is carried out for a single bubble rising in a big square column. The big square
column is used to minimize any wall effects on the rising bubble. In this test case, all the
reaction and species transport terms are switched off. Instead, the mass transfer coefficient in
the system is fixed to a constant value, such that kl

(
Y ∗l −Yl

)
= 4×10−6m/s. Solving equation

5.12 for a single bubble, the bubble radius can be tracked with time using the analytical
solution:

Rb(t) = Rb(0)+ kl (Y ∗l −Yl)
ρl

ρb
t (5.23)

For simplification, the bubble density is taken as ρb = 1.0 in this case.

Figure 5.1 shows that the simulation result perfectly matches with the analytical results. Thus,
it can be concluded that the implementation of bubble size variation in the column is done
correctly.
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Table 5.2: Simulation parameters common to all cases.

Parameter units Value

Liquid density kg/m3 1000

Gas (air) density kg/m3 1.2

Bubble (CO2) density kg/m3 1.986

Shear viscosity Pa · s 1.0×10−3

Surface tension N/m 0.073

Initial liquid pH - 12.5

Bubble superficial velocity m/s 0.01

Initial bubble diameter m 4.00×10−3

Wire diameter m 0.55×10−3

Mesh opening m 3.68×10−3

Domain, x× y× z (z =height) m×m×m 0.14×0.03×0.72

Initial liquid height m 0.60

Number of nozzles - 15×1

Pitch of nozzles m 0.01

Grid size m 5.00×10−3

Time step flow solver s 1.0×10−3

Time step bubbles s 1.0×10−4

5.4.2 CO2 physical absorption in the system

The mass transfer rate of a single bubble is defined in equation 5.12. The overall mass trans-
fer rate can be obtained by integrating the single bubble equation over all bubbles. However,
the properties of the individual bubbles may not be constant. Therefore, column averaged
properties for the mass transfer coefficient (k̄l), bubble interfacial area (Āb) and the Henry
constant (H̄) are used. For a case with only physical absorption in the column, the enhance-
ment factor Ea = 1. Thus the mean dissolved CO2 concentration in the column as a function
of time can be expressed as:

[CO2(aq)] (t)

H̄ [CO2(g)]
= 1− exp

(
− tNbk̄l Āb

Vl

)
(5.24)

where Nb is total number of bubbles in the column and Vl the total liquid volume of the
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Figure 5.1: Verification of a single air bubble rising in an initially quiescent square column
filled with water subject to physical absorption.

column.

A simulation is run with parameters specified as in Table 5.2 and [CO2(aq)] is tracked with
time. The analytical result is also obtained from a macro-model. It can be seen in Figure
5.2 that the simulation results matches pretty well with the analytical results and hence the
implementation of the model can be treated as numerically verified. The minor differences
with the analytical result can be attributed to the fact that in the macro-model, ideal mixing
of the liquid is assumed, which is not the case in the DBM.

5.5 Results and discussion

To study the efficacy of the MSBC, we applied the VOF-DBM to study the effect of wire
meshes on the chemisorption process of CO2 in a NaOH solution. The results are presented
in two parts: a) bubble cutting with a single mesh in the column and, b) the effect of multiple
stacked meshes. Each case is studied for a system without and with chemisorption. The simu-
lation settings for all the simulations are provided in Table 5.2. The initial bulk concentrations
in the liquid phase of all species other than OH− are zero.

Six different cases are studied with varying mesh configurations as provided in Table 5.3.

5.5.1 Bubble cutting with single mesh

The main aim of the single mesh study is to present a sensitivity analysis of the “cutting
efficiency” on the cutting behavior of the bubbles in the column. The cutting efficiency is
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Figure 5.2: Normalized dissolved CO2 concentration at the centerline of column at the z/H =
0.5. In this case Nb ∼ 5000.

Table 5.3: Mesh configurations for simulations

Number of meshes Position of lowest mesh Distance in consecutive

[-] (from column bottom) [m] meshes [m]

Case 1 0 - -

Case 2 1 0.30 -

Case 3 3 0.05 0.20

Case 4 4 0.05 0.15

Case 5 6 0.05 0.10

Case 6 10 0.05 0.05

defined as the probability that a bubble gets cut when it encounters a wire-mesh. All single
mesh simulations are only done for case 2.

Single mesh without chemisorption

For the case without mass transfer and chemical reaction, reduction in the bubble diameter is
solely due to bubble breakup and cutting. Simulations are run for various cutting efficiencies
ranging from as low as 10−4 to 1. The results are compared with simulation results from a
case without a wire mesh. Moreover, we also compare with a case with a wire mesh, but with
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Figure 5.3: Time-averaged Sauter mean diameter in a single mesh column without
chemisorption for different cutting efficiencies along the column height for a duration of
t = 0−200 s.

a cutting efficiency of 0. Although no cutting takes place, the presence of the mesh will still
influence the liquid flow by the exerted drag force and thereby also the bubble dynamics. The
simulation results are presented in terms of the time-averaged Sauter mean diameter (d32)
along the column height for a duration of 200 s. The Sauter mean diameter is calculated as:

d32 =
∑d3

∑d2 (5.25)

From Figure 5.3, it can be seen that in absence of a mesh and with zero cutting efficiency, the
Sauter mean diameter keeps on increasing with height. This is because the coalescence rate
in the column is much larger than the breakup rate.

For a cutting efficiency of as low as 10−4, the reduction in mean bubble diameter can be seen
for a region just above the mesh (i.e. > 0.3m). As the cutting efficiency is increased a stronger
decrease in the mean diameter is observed at the mesh position till a cutting efficiency of
10−2, above which no significant difference in mean diameter profiles can be seen.

The net gas-holdup profiles as a function of time are presented in Figure 5.4. Low gas-
holdup values are obtained when no cutting takes place in the column. For very low cutting
efficiencies, an intermediate range of gas-holdups is observed, which is just above the case
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Figure 5.4: Gas holdup in a single mesh column without chemisorption for different cutting
efficiencies with time.

with no cutting and below that of cutting efficiency 1. The gas-holdup remains in the same
range for cutting efficiencies ≥ 10−2.

To conclude from this subsection, bubble cutting results in a reduction of the mean bubble
diameter in the column and thereby enhances the gas holdup of the column. Also, most of the
bubbles in the present regime are not cut by the wire mesh according to the present algorithm,
but whether this is realistic cannot be established without the presence of experimental results.
However, in subsequent sections, we will omit cutting efficiencies lower than 10−2, as a
cutting efficiency of 10−2 is sufficient for the sensitivity analysis of the mesh on mass transfer
and other parameters.

Single mesh with chemisorption

In systems with chemisorption, the bubbles will not only shrink due to breakup and cutting,
but also due to mass transfer. Simulations are performed for a cutting efficiency of 10−2 as
well as for a case without mesh (case 0), a case with no cutting and a case with a cutting
efficiency of 1. Results are compared in terms of pH decay with time, the instantaneous
Sauter mean diameter and the gas-holdup profile with time.

As seen in Figure 5.5, the pH decay for a reaction with no mesh is slowest. When a mesh
is present in the column, but no cutting takes place, the mass transfer is marginally better.
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Figure 5.5: pH decay with time for a column with a single mesh and chemisorption at differ-
ent cutting efficiencies.

However, a significant acceleration of the pH decay can only be seen for cutting efficiencies
of 10−2 and 1, where both profiles overlap.

The Sauter mean bubble diameter profiles at t = 25 s are plotted in Figure 5.6, and it can be
seen that irrespective whether cutting takes place or not, the bubble diameter is decreasing in
the column with height. This shrinkage can be attributed to the mass transfer of CO2 from the
bubble to the liquid phase. Above a height of h = 0.3 m, a sharp decrease in the mean bubble
diameter can be observed when the cutting efficiency is above 0. Even when the cutting
efficiency is 0, a higher shrinkage rate of the bubble diameter is observed as compared to the
case without a mesh. This may be due to the extra breakup caused by the enhanced velocity
gradients near the wire mesh.

The gas-holdup profiles in Figure 5.7 also suggest that the gas holdup slightly increases when
cutting takes place. However, the differences in gas-holdup only become apparent after a
steady state for bubbles is achieved.

From this section it can be concluded that the mass transfer rate increases when a mesh is
present in the column. This is primarily due to bubble cutting, which reduces the Sauter mean
bubble diameter and hence leads to higher interfacial areas. As the bubbles become smaller,
their rise velocity drops and consequently the residence time of the bubbles increases. As a
consequence the gas-holdup goes up and the net mass transfer rate is further increased. Also,
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Figure 5.6: Sauter mean diameter at t = 25 s along the height of the column equipped with a
single mesh with chemisorption at different cutting efficiencies.
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Figure 5.8: Instantaneous vertical fluid velocity profiles in the xz-plane at y/W = 0.5 at t =
175 s for case 1 to case 6 (from left to right). The positions of the wire-meshes are indicated
by the dotted lines.

the turbulence induced by wires in the column may lead to a marginal increase in the bubble
breakup.

The cutting efficiencies of 10−2 and 1 provide almost the same results for the various param-
eters studied here, so a cutting efficiency of 10−2 is used for all the following simulations.

5.5.2 Staging of meshes

In the previous section, it was established that a cutting efficiency of 10−2 is sufficient to
capture the net cutting phenomenon happening in the vicinity of the wire mesh. In this
section, simulations are performed to investigate the effect of staging of meshes inside the
column. Simulations were carried out for the different mesh configurations listed in Table
5.3, the results of which will now be discussed.

Multiple meshes without chemisorption

First, the effect of stacking multiple meshes is studied for a system without mass transfer
and chemical reaction. Snapshots of the calculated fluid velocity fields are shown in Figure
5.8. It can easily be concluded that very high liquid velocities and strong liquid backflow
is observed for cases with no mesh or a single mesh. As the number of meshes increases
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Figure 5.9: Instantaneous snapshots of the bubble configuration at t = 175 s for case 1 to case
6 (from left to right). The positions of the wire-meshes are indicated by the dotted lines.

(case 3 to case 6), the liquid backmixing reduces significantly. Also, one can observe from
the snapshots that the size of the eddies present in the system is controlled by the spacing
between the consecutive meshes. Consequently, the reactor will display more of a plug flow
like behavior as the distance between the meshes is reduced.

The snapshots in Figure 5.9 capture the bubble size distribution for the different mesh con-
figurations. Here, it can be seen that the number of large bubbles (red coloured bubbles in
case 0) reduce in number as more meshes are introduced. In case 6 with 10 meshes, almost
no big bubble is present and a very high density of smaller bubbles can be seen, indicating a
very high interfacial area.

Qualitative results are compared and analyzed for bubble diameter profiles along the column
height and gas-holdup in the column for a duration of 175 s.

In Figure 5.10, it can be seen that for case 1 (no mesh), the bubble diameter keeps on in-
creasing as no cutting takes place. For cases with mesh, the bubble diameter reduces at those
heights where meshes are placed. Right after bubbles are cut, they start coalescing, thereby
again increasing the bubble diameter till the next mesh is encountered. As the meshes are
placed closer to each other from case 2 to case 6, the mean diameter is repeatedly reduced.
Note that it is assumed in the cutting algorithm, that the minimum bubble diameter achieved
depends on the mesh opening and is independent of the number of meshes.
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Figure 5.10: Time-averaged Sauter mean diameter for various mesh configurations without
chemisorption along the column height for a duration of t = 0−175 s.

In Figure 5.11, gas holdup profiles for the time duration of 0−175 s are plotted for different
cases. Considerably higher gas holdups can be achieved by placing multiple meshes in the
column (the gas holdup in case 6 is ∼ 40% larger than case 1). Not much difference in gas
holdup is observed for cases 5 and 6, even though the distance between the meshes in case 6
is half that in case 5.

So, it can be concluded that the Sauter mean bubble diameter in the column can be controlled
by tailoring the distance in consecutive meshes. However, the minimum bubble diameter
that can be obtained depends on the mesh opening. Also the gas holdup increases with an
increasing number of meshes in the column. These holdup profiles tend to converge as the
mesh distance is reduced in the column and not much enhancement in gas-holdup is expected
with further increase in the number of wire-meshes.

Multiple meshes with chemisorption

The main aim of this study is to find the effect of multiple meshes in the case of chemisorp-
tion. The six different cases listed in Table 5.3 are studied with the simulation model pre-
sented in Section 5.3. The results are presented in the form of the pH decay and gas holdup
history, and in the form of the instantaneous Sauter mean bubble diameter along the column
height.
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Figure 5.11: Gas-holdup for various mesh configurations without chemisorption with time.

Snapshots of the pH distribution in the column at t = 25 s are shown in Figure 5.12. As
seen from the snapshots, the mixing pattern is homogeneous and slow in case 0 with no
mesh. As the number of meshes increases, the pH in the column decreases, indicating a
faster conversion of hydroxyl ions. It has to be noted here that the red coloured regions above
the free surface contain no liquid. This red color should not be confused with high pH values
in the liquid phase.

Quantitatively, this result is also supported by Figure 5.13. In this figure, the pH decay of a
system with initial pH = 12.5 with time is compared for the mentioned cases and it is found
that the pH drop is faster as the number of meshes is increased. As can be seen in Figure
5.13, the time taken by case 6 with 10 meshes to reach a pH = 7 is about 20% less than
that from case 1 without any mesh. The pH decay profiles for simulations with less than 10
meshes lie in between these two profiles. The number of breakup events are found to be in a
similar range for all the cases. Hence, the changes in behavior can be attributed to enhanced
cutting due to more meshes in case 6. Due to the cutting, bubbles become small and the net
interfacial area increases.

Apart from this effect, small bubbles have a low rise velocity very and therefore tend to stay
longer in column, and hence the mass transfer is more, which, when accompanied with good
species transport leads to favorable conditions for good reactor performance.

The Sauter mean diameter profile at t = 25 s has been plotted as a function of column height
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Figure 5.12: Instantaneous snapshots of pH at t = 175 s in a xz plane at y/W = 0.5 for case 1
to case 6 (from left to right). The positions of the wire-meshes are indicated by dotted lines.
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Figure 5.13: pH decay for various mesh configurations with chemisorption with time.
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Figure 5.14: Sauter mean diameter for various mesh configurations with chemisorption along
the column height at t = 25 s.

in Figure 5.14. In all the cases, the bubbles display net shrinkage as they rise in the column,
which is due to the chemisorption. However, the size reduction rate differs amongst the cases,
where the fastest reduction rate is observed in case 6 with a maximum number of meshes.

The gas-holdup profiles for different cases are rather similar, and they all show an almost
monotonic increase in holdup with time. It is interesting to note that the holdup increase
decelerates after about 40 s, which coincides with the first inflection point observed in the pH
curves. After the inflection point the pH decay slows down, suggesting a lower mass transfer
rate (i.e. Ea ≈ 1). With a lower mass transfer rate, the mean bubble diameter is bound to
increase (as coalescence dominates over breakup) and this is reflected in a reduction in the
holdup growth rate.

5.6 Conclusions and outlook

In this chapter, the chemisorption model of Darmana et al. (2007) is combined with the hybrid
VOF-DBM model of Jain et al. (2014). The bubble cutting model of Jain et al. (2013) is
extended and added in this model to study the effect of multiple meshes for the case of
chemisorption in a bubble column. The system chosen is CO2 absorption in an aqueous
NaOH solution with an initial pH = 12.5.
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Figure 5.15: Gas-holdup profile with time for various mesh configurations in case of
chemisorption.

The model is numerically verified for mass transfer and good agreement is found with avail-
able analytical solutions. A sensitivity study is done to find an optimum value of the “cutting
efficiency”. It is found that cutting efficiencies of 10−2−1 produce similar results in terms of
cutting. The cutting efficiency may further be tuned in accordance with experimental results
from future studies.

Six different mesh configurations with varying number of meshes and inter-mesh distance are
studied with the developed model. It is found that multiple meshes can be used to control the
maximum diameter in the column. However, the minimum diameter does not depend on the
number of meshes but primarily depends on the mesh opening. Also, a considerable higher
gas-holdup is obtained with a mesh distance of 0.1m or less for the present system. For mesh
spacings closer than that, the holdup profiles tend to converge.

The decay in pH for reactive system is found to be around 20% faster than that from the case
without any mesh. The Sauter mean diameter in the system is also lower for the system with
multiple meshes due to increased bubble cutting. The gas-holdup for the reactive system is
low in the beginning, as many bubbles are dissolved in the alkalic solution. After a while,
the gas-holdup increases as the reaction proceeds, leading to a lower enhancement factor.
Interestingly, the slope of the holdup profile changes during the reaction progress, which in
time coincides with the inflection point in the pH curve.

To conclude from this study, it can be said that the chemical reaction rate can be considerably
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accelerated by introducing wire-meshes in the column. Moreover, using multiple meshes,
higher absorption rates can be achieved.





6 Conclusions and outlook

Bubble column reactors, as stated in the introduction, are very useful for a number of indus-
trial processes like hydrogenation, oxygenation, chlorination, alkylation, waste-water treat-
ment, Fischer-Tropsch synthesis, etc. The efficiency of a reactor is measured in terms of the
mass transfer and mixing capabilities, where mass transfer is usually from the bubble to the
liquid phase. On an industrial scale, two major types of reactors are used namely, slurry bub-
ble column reactors and trickle bed reactors. While the mass transfer rate in the trickle bed
reactor is higher, it has the disadvantage of poor mixing characteristics. This may lead to the
formation of hot spots inside the reactor and lead to unwanted reactions and products. Slurry
bubble column reactors exhibit good mixing but bubble coalescence reduces the reactor per-
formance due to the formation of large bubbles inside the column. Large bubbles result in a
low surface to volume area in the column, which is disadvantageous for the mass transfer.

In this study a novel reactor type, a micro-structured bubble column (MSBC), is proposed,
in which catalyst-coated static wire meshes are introduced inside the column. These wire
meshes can cut the larger bubbles present in the system into smaller ones and thus increase
the net interfacial area inside the column. The wires can be placed where they are exactly
needed and hence the bubble diameter can be controlled in the column. Moreover, the wires
can be coated by catalyst and avoid the need of an external filtration unit for catalyst particles.

The work in this thesis focused on various aspects of the MSBC namely, mass transfer, bub-
ble dynamics including coalescence and breakup, and bubble cutting by a wire-mesh. All
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these aspects have been explained in detail in chapters 2, 3 and 4 respectively. In chapter
5, the models developed in the preceding chapters are condensed to form a unified model
for mass transfer in a micro-structured bubble column with multiple meshes. Here the main
conclusions from the individual chapters are summarized.

• In chapter 2, the dependence of the enhancement factor on various system parameters
like mass transfer coefficient, pH, Hatta number, etc. is studied and an explicit corre-
lation for enhancement factor as a function of pH and Hatta number is proposed. The
advantage of such a correlation is that it is explicit in nature (that is, it can be used in
coarse grained models like DBM, TFM), valid for reversible reaction systems (previ-
ous correlations assumed irreversibility in one or both the reactions) and is based on a
numerical model (valid for the whole range of pH).

• In chapter 3, a new hybrid VOF-DBM model is proposed for the column hydrodynam-
ics. The advantage of such a model is that the artificial boundary condition for liquid
at the column top as in the classical DBM can be avoided. This results in more re-
alistic flow patterns in the column. An additional advantage is the prediction of the
liquid surface dynamics, which is very useful in metallurgical and oil & gas industry.
Moreover, a numerical study of bubble coalescence and breakup is compared against
the experimental results of Lau et al. (2013), which provides insight for tuning of the
model parameters.

• In chapter 4, an algorithm for bubble cutting by wires is proposed. This algorithm is
later verified in the chapter against various numerical tests. Using this bubble cutting,
it is found that there is indeed a lot of reduction in mean bubble diameter. Further,
the effect of mesh opening, wire diameter and gas superficial velocity on the bubble
cutting are also studied.

• In chapter 5, a unified model is presented based on the knowledge obtained from the
previous chapters. The base model is taken from chapter 3, in which wire-meshes are
introduced using the the technique described in chapter 4. The single mesh concept of
chapter 4 is expanded to multiple meshes that are stacked in the column. The bubble
cutting algorithm from the previous chapter is also used. A new parameter, the "cutting
efficiency" is introduced, which is based on probabilistic cutting of a bubble by wires.
A chemisorption model proposed by Darmana et al. (2007) is added to the model to
study the effect of cutting on mass transfer. It has been found that the decay in pH for
reactive systems is around 20% faster than that from the case without any mesh. The
Sauter mean diameter in the system is also lower for the system with multiple meshes
due to increased bubble cutting.



Conclusions and outlook 101

To summarize, it can be concluded that micro-structuring in a bubble column by wires does
increase the reactor efficiency. Moreover, the bubble size required in the column can be
controlled by tuning the optimal distance between the consecutive meshes.

Outlook

The model has provided a number of useful details about micro-structuring in a bubble col-
umn. Nevertheless, it is worthwhile to mention that the physics needed for this model can
only be obtained from more detailed models as in direct numerical simulations (DNS). The
effect of physical parameters like surface tension, viscosity, density, etc. for the fluid phase
can be very critical and therefore it becomes necessary to include them in the bubble cutting
model. It has to be noted that the current bubble cutting model is based on geometric posi-
tioning of bubbles and wires in the column only. Other details that can be useful to study are
the mesh geometric parameters like wire diameter, mesh opening, wire material and shape of
the wires. The effects of these parameters cannot be obtained in the coarse grid models as
used in this study, but require DNS or detailed experiments. Further, it is very important to
mention that the simulation model is just a qualitative prediction of what may happen in the
column. A quantitative and more predictive output can only be obtained after model compar-
ison and validation with experimental results. The enhancement factor correlation obtained
in chapter 2 has not been included in the chemisorption model from chapter 5. It may also be
worthwhile to test this correlation in the unified model when some experimental results are
available.





A Appendix

A.1 Physical parameters

The Henry constant, H is determined by equation (Vas Bhat (1998)):

log10

(
Hw

H

)
= (1.171×10−4−1.83×10−5)[Na+]+(7.56×10−4−1.83×10−5)[OH−]

+ (1.372×10−4−1.83×10−5)[HCO−3 ]+ (1.666×10−4−1.83×10−5)[CO2−
3 ] (A.1)

where the ionic concentrations are given in (mol/m3). This expression can be used in the
temperature range 298−303 K with acceptable accuracy.

The distribution coefficient of CO2 in pure water, Hw is given by Versteeg et al. (1989):

Hw = 3.59×10−7exp

(
2044

T

)
(A.2)

where R is universal gas constant (mol/(m3 ·K)) and T is temperature in K.

A.2 Mass transfer rate

The mass transfer coefficient can be determined from a Sherwood correlation for a single
bubble. The Sherwood correlation for a single bubble with forced convection is presented in
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the general form below.

Sh =
k j

l db

D j = 2+a ·RebScc (A.3)

Bubble swarm behavior affects the mass transfer coefficient, so this effect has to be accounted
for. In the previous study (Henket et al., 2005) coefficient used for Sherwood correlation are
divided in two sets.

• a = 1.25, b = 0.5, and c = 0.33, and

• a = 0.43, b = 0.58, and c = 0.33.

There are a lot of correlations available in the literature that treat this phenomenon. The
correlation proposed by Brauer (1981) has been proposed for ellipsoidal bubbles.

Sh = 2+0.015Re0.89Sc0.7 (A.4)

This has been used in the study of enhancement factor correlation in chapter 2 and DBM in
chapter 5.

A.3 Reaction rate

A.3.1 First reaction

The forward rate constant, k11 for the first reaction (r1) is a function of ionic strength (Po-
horecki and Moniuk (1988)). This expression is valid for absorption into pure sodium-
hydroxide solutions from 0.1−4 M and for temperatures ranging from 294 to 314 K.

log10

(
k11

k∞
11

)
= 0.221 · I−0.016 · I2 (A.5)

where the reaction rate constant at infinite dilution, k∞
11 (m3/(kmol · s)) is obtained by:

log10k∞
11 = 11.895− 2382

T
(A.6)

whereas the ionic strength I is defined as:

I =
1

2

([
Na+

]
z2

Na+ +
[
OH−]z2

OH− +
[
HCO−3

]
z2

HCO−3
+
[
CO2−

3
]

z2
CO2−

3

)
(A.7)

The value of k11 is modified because of co-electrolytes present in the solution.
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The backward rate constant for first reaction k12 is calculated using the equilibrium constants
K3 and Kw of following reactions:

CO2 +H2O � HCO−3 +H+ (A.8)

H++OH− � H2O (A.9)

The equilibrium constants K3(kmol/m3) is calculated using (Edwards et al. (1978)):

K3 =
[HCO−3 ][H

+]

[CO2]
= exp

(
−12092.1

T
−36.786 · ln(T )+235.482

)
(A.10)

and the solubility product, Kw(kmol2/m6) is taken from Tsonopoulos et al. (1976).

Kw = [H+][OH−] = 10(5839.5/T+22.4773·log10(T )−61.2062) (A.11)

The equilibrium constant for reaction r1 can thus be calculated as:

K1 =
K3

Kw
(A.12)

and backward rate constant, k12 as:

k12 =
k11

K1
(A.13)

A.3.2 Second reaction

Equilibrium constant, K2 (m3/kmol) for reaction (r2) is calculated with equation (Hikita et al.
(1976)):

log10

(
K2

K∞
2

)
=

1.01
√

[Na+]

1+1.27
√

[Na+]
+0.125[Na+] (A.14)

where K∞
2 is the equilibrium constant at infinite dilution, and is calculated using:

K∞
2 =

1568.94

T
+0.4134−0.00673T (A.15)

The forward reaction rate constant, k21 is kept constant with a value of 106 m3/(kmol · s).
The backward reaction rate constant, k22 is calculated using:
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k22 =
k21

K2
(A.16)

A.4 Enhancement factor

Here the approximate solution proposed by (Hikita et al. (1976)) is presented. The model is
derived with assumptions that the first reaction (r1) is irreversible with finite reaction rate and
reaction (r2) is reversible and instantaneous. The approximate solution is:

E =

(
Ha ·η +

π
8Ha ·η

)
er f

(
2Ha ·η√

π

)
+

1

2
exp

(
−4Ha2 ·η

π

)
(A.17)

where the Hatta number, Ha is defined as:

Ha =

√
k11DCO2 [OH−]

kl
(A.18)

The parameter η is calculated from equation:

η4 +

⎛
⎜⎝E−E∞,irr−irr

E∞,irr−irr−1
+

√√√√DHCO−3
DOH−

· [HCO−3 ]
[OH−]

+

√√√√DHCO−3
DCO2−

3

· [HCO−3 ]

[CO2−
3 ]

⎞
⎟⎠η2+

E−E∞,irr−rev

E∞,irr−rev−1

⎛
⎜⎝
√√√√DHCO−3

DOH−
· [HCO−3 ]
[OH−]

+

√√√√DHCO−3
DCO2−

3

· [HCO−3 ]

[CO2−
3 ]

⎞
⎟⎠= 0 (A.19)

Here E∞,irr−rev represents the reaction factor for the case of an instantaneous two-step reaction
where the first-step reaction (r1) is irreversible and the second-step reaction (r2) is reversible.
It can be calculated as:

E∞,irr−rev =
1

er f (σ1)
(A.20)

where σ1 can be solved from following set of equations:

2er f c

⎛
⎝
√

DCO2

DOH−
·σ2

⎞
⎠exp

{(
DCO2

DHCO−3
−1

)
σ2

1 +

(
DCO2

DOH−
− DCO2

DHCO−3

)
σ2

2

}
=

√√√√DOH−

DCO2

· [OH−]
[CO2]

er f (σ1) (A.21)



Appendix 107

and

er f c

⎛
⎝
√√√√ DCO2

DCO2−
3 ,bulk

·σ2

⎞
⎠exp

{(
DCO2

DCO2−
3 ,int

−1

)
σ2

1 +

(
DCO2

DCO2−
3 ,bulk

− DCO2

DCO2−
3 ,int

)
σ2

2

}
−

2er f c

⎛
⎝
√√√√ DCO2

DCO2−
3 ,bulk

·σ2

⎞
⎠exp

{(
DCO2

DCO2−
3 ,int

− DCO2

DHCO−3

)
σ2

1 +

(
DCO2

DCO2−
3 ,bulk

− DCO2

DHCO−3

)
σ2

2

}

+

√√√√DCO2−
3 ,bulk

DCO2−
3 ,int

⎧⎨
⎩er f

⎛
⎝
√√√√ DCO2

DCO2−
3 ,int

·σ2

⎞
⎠− er f

⎛
⎝
√√√√ DCO2

DCO2−
3 ,int

·σ1

⎞
⎠
⎫⎬
⎭

·exp

{(
DCO2

DCO2−
3 ,int

−1

)
σ2

1

}
=

√√√√DCO2−
3 ,bulk

DCO2

· [CO2−
3 ]

[CO2]
er f (σ1) (A.22)

Here DCO2−
3 ,int and DCO2−

3 ,bulk are the liquid-phase diffusivities of the CO2−
3 at the interface

and in the bulk, respectively.

E∞,irr−irr represents the reaction factor for the case in which the overall reaction defined by
reactions (r1) and (r2) proceeds irreversibly and instantaneously. It can be obtained from
equation:

E∞,irr−irr =
1

er f (σ3)
(A.23)

where σ3 is the solution of equation:

2er f c

⎛
⎝
√

DCO2

DOH−
·σ3

⎞
⎠exp

{(
DCO2

DOH−
−1

)
σ2

3

}
=

√√√√DOH−

DCO2

· [OH−]
[CO2]

er f (σ3) (A.24)
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Nomenclature

a interfacial area [m2]

A cross-sectional area [m2]

c coefficient [-]

CCF coalescence calibration factor [-]

d diameter [m]

D mapping function [-]

Ea enhancement factor [-]

Ea,∞ enhancement factor at infinity [-]

Eö Eötvos number [-]

F color function [-]

f force vector (Eulerian domain) [N]

F force vector (Lagrangian domain) [N]

g gravity acceleration [m/s2]

ho initial film thickness [m]
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h f final film thickness [m]

H Henry constant [-]

Ha Hatta number [-]

k11 forward rate constant for reaction r1 [m3/(kmol · s)]

k12 backward rate constant for reaction r1 [1/s]

k21 forward rate constant for reaction r2 [m3/(kmol · s)]

k22 backward rate constant for reaction r2 [1/s]

kl mass transfer coefficient [m/s]

K1 equilibrium constant for reaction r1 [m3/kmol]

K2 equilibrium constant for reaction r2 [m3/kmol]

Ṁ interphase mass transfer term (liquid) [kg/(m3 · s)]

ṁ interphase mass transfer term (bubble) [kg/(m3 · s)]

n normal vector [-]

N number of time steps [-]

p pressure [N/m2]

p mesh pitch [m]

r position vector [m]

R radius [m]

Re Reynolds number [-]

s mesh opening [m]

S source term in species balance equation [kg/(m3 · s)]

Sc Schmidt number [-]

Sh Sherwood number [-]

t time [s]
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T temperature [K]

u fluid velocity vector [m/s]

ū mean velocity [m/s]

u′ fluctuating velocity [m/s]

v bubble velocity vector [m/s]

V volume [m3]

Y mass fraction [-]

We Weber number [-]

[...] concentration [kmol/m3]

Greek symbols

ε volume fraction [-]

Γ species diffusion coefficient [m2/s]

ρ density [kg/m3]

μ viscosity [kg/(m · s)]

σ interfacial tension [N/m]

τ stress tensor [N/m2]

Φ interphase transfer source term [N/m3]

φ fractional open area [-]

δ t time step [s]

δu2 mean square velocity difference [m2/s2]

α gas volume fraction [-]

ψ Lagrangian quantity [-]

Ψ Eulerian quantity [-]
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Subscripts/indices

∗ interfacial equilibrium value

aq aqueous

b bubble

d diameter

D drag (swarm)

D,∞ drag (single bubble)

Db daughter bubble

e f f effective

f fluid

g gas

G gravity

j jth specie

l liquid

L lift

m mesh

P pressure

Pb parent bubble

Rb residual bubble

rel relative

V M virtual mass

w wire

W wall

x,y,z co-ordinate dimensions
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