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� We use a hybrid discrete bubble-volume of fluid model (DBM-VOF).
� We study the effect of bubble column inserts on the reactor performance.
� Stacked wire mesh inserts can improve the reactor performance considerably.
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a b s t r a c t

Gas–liquid flows with solid catalyst particles are encountered in many applications in the chemical,
petrochemical, and pharmaceutical industries. Most commonly, two reactor types, slurry bubble column
(SBC) and trickle bed (TB) reactors are applied for large scale in the industry. Both of these types of
reactors have some disadvantages limiting their efficiencies. To overcome the aforementioned dis-
advantages, a novel reactor type, micro-structured bubble column (MSBC), is proposed in Jain et al.
(2013). In the MSBC, micro-structuring of the catalyst carrier 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. Moreover, the static
catalytic mesh ensures lower cost by avoiding filtration of catalyst particles. In this paper, the MSBC is
numerically studied using the hybrid volume of fluid – discrete bubble model (VOF-DBM) presented in
Jain et al. (2014). The VOF-DBM is extended with a description of wire–meshes and the bubble cutting
algorithm as introduced in Jain et al. (2013). 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 work, first 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. 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.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Gas–liquid–solid reactive flows are encountered in many indus-
trial processes. The transport of reactants and the chemical reaction
take 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 configurations 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 liquid, while in trickle beds they are immobi-
lized in a fixed bed. Slurry bubble columns exhibit excellent mixing
and heat transfer properties, but the mass transfer suffers from the
coalescence 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).
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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 (increas-
ing the mass transfer coefficient), 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.
(2001) 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 an in-house
developed 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 indust-
rially more relevant staged reactor with reactive components and
multiple meshes.

Chemisorption, i.e. mass transfer by absorption followed by
chemical reaction, is central to various industrial processes. For
several decades, various authors have tried to study the mechan-
isms 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 solution (Danckwerts and
Kennedy, 1958; Hikita et al., 1976; Westerterp et al., 1984). This
process is characterized by interfacial diffusion, followed by reac-
tion of aqueous CO2 with OH� ions to form HCO3

� 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.

Many researchers have studied the hydrodynamics of bubbly
flows using Euler–Lagrange models. Often these simulation are
limited to systems with point particles, while not considering
effects of coalescence and breakup (Climent and Magnaudet, 1999,
2006; Giusti et al., 2005; Molin et al., 2012).

Recently, we reported 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 three-dimensional
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
configuration.

The outline of this paper 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.

2. Chemisorption reaction

The system studied in the present work is the chemisorption of
CO2 in an aqueous NaOH solution involving two consecutive
reversible reactions. The whole process of absorption accompa-
nied with chemical reaction or chemisorption for this particular
system can be defined via the following three steps:

CO2 ðgÞ-CO2 ðaqÞ

CO2 ðaqÞþOH�⇌HCO�
3 ðr1Þ

HCO�
3 þOH�⇌CO2�

3 þH2O ðr2Þ
where step 1 is the physical absorption of CO2 in the aqueous
phase, while the other two steps describe the consecutive chemi-
cal 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 back-
ward 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 ¼ k1;1½CO2ðaqÞ�½OH� �
R1;2 ¼ k1;2½HCO�

3 �
R2;1 ¼ k2;1½HCO�

3 �½OH� �
R2;2 ¼ k2;2½CO2�

3 �

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

3. Governing equations

The base model of this study is the DBM presented by Darmana
et al. (2007). The implemented 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 transfer 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
columnwith multiple staged wire–meshes. The basic ingredients of
the complete model will be presented in more detail in the
subsequent subsections.

3.1. Bubble dynamics

Each individual bubble is tracked using mass and momentum
equations while accounting for inter-bubble and bubble-wall

D. Jain et al. / Chemical Engineering Science 137 (2015) 685–696686



encounters governed by the hard sphere collision model of
Hoomans et al. (1996). The interphase mass transfer rate _m and
the net force

P
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, pres-
sure, drag, lift, virtual mass and wall forces. For an incompressible
bubble, the equations can be written as

ρb
dVb

dt
¼ � _mb-l ð1Þ

ρbVb
dv
dt

¼
X

F¼ FGþFPþFDþFLþFVMþFW � _mb-lv ð2Þ

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 _m is explained later in this section. Expressions for the
separate forces are listed in Table 1. The drag, lift and wall force
closures used in the present study are obtained from Tomiyama
(2004), which are currently accepted as standard closures for
bubbly flows. 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;1ð1�ηeff Þ
¼ 1þ18

E €o
ηeff ð3Þ

where ηeff is defined as

ηeff ¼
εb

1�εw
ð4Þ

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).

The bubble coalescence model of Sommerfeld (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. There is production of a large
number of bubbles at the time of cutting in the computational
model. It has been observed from experimental visualizations that
a lot of small bubbles created after cutting coalesce just above
mesh due to high degree of overlap. A lot of bubbles also deform
while passing through mesh without being cut. To mimic this
behavior a cutting efficiency parameter is introduced. This para-
meter can be tuned with experimental results by comparing the
bubble size distributions just below and above the mesh in the
column. This will also save a lot of computational time and
resources.

3.2. Fluid phase hydrodynamics

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

εf þεb ¼ εlþεgþεb ¼ 1 ð5Þ
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

ρf
∂εf
∂t

þ∇ � ðεfuf Þ
� �

¼ _Mb-l� _Ml-b

� �
ð6Þ

where ρf and uf represent the fluid density and velocity, respec-
tively. _M is the source term for the interphase mass transfer term.
The momentum conservation can be described by the volume-
averaged Navier–Stokes equations

ρf
∂ðεfuf Þ

∂t
þ∇ � ðεfufuf Þ

� �
¼ �εf∇p�∇ � ðεf τf Þþρf εfg�fσþΦbþΦw ð7Þ

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. The subgrid-scale
model of Vreman (2004) is employed for the turbulence modeling.
This model was chosen as it is easy to implement, while showing
the right behavior near walls, contrary to, e.g., the Smag-
orinsky model.

3.3. Gas–liquid interface construction

The volume of fluid (VOF) approach is used to determine the
interface position and orientation for the gas–liquid interface. Due
to the presence of bubbles in the column, the color function or the

Table 1
Overview of forces acting on a bubble.

Forces Closures

FG ¼ ρbVbg –

FP ¼ �Vb∇P –

FD ¼ �1
2
CDρlπR

2
b jv�uj ðv�uÞ CD;1 ¼max min

16
Re

1þ0:15Re0:687
� �

;
48
Re

� �
;
8
3

E €o
E €oþ4

� �

CD

CD;1ð1�ηeff Þ
¼ 1þ18

E €o
ηeff ; Re¼ ρl jv�ujdb

μl
; E €o ¼ ðρl�ρgÞgzd2b

σ

FL ¼ �CLρlVbðv�uÞ � ∇� u

CL ¼
min 0:288 tanh 0:121Reð Þ; f ðE €odÞ

� 	
; E €odo4

f ðE €odÞ; 4rE €odo10
�0:29; E €odZ10

8><
>:

f ðE €odÞ ¼ 0:00105E €o3
d�0:0159E €o2

d�0:0204E €odþ0:474

E €od ¼
E €o

E2=3
; E¼ 1

1þ0:136E €o0:757

FVM ¼ �CVMρlVb
Dbv
Dbt

�Dbu
Dbt


 �
CVM ¼ 0:5

FW ¼ �CWRbρl
1

D2
bw

ju�vj2 � n CW ¼ e �0:933E €o þ0:179ð Þ; 1rE €oo5
0:0007E €oþ0:04; E €oZ5

(
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fractional amount of liquid F is modified as

F ¼ εl
εlþεg

¼ εl
εf

ð8Þ

The height function model for the surface tension force
described by Baltussen et al. (2014) is used here. The density and
kinematic viscosity of the gas–liquid mixture are respectively
described by ordinary and harmonic averages on basis of the local
value of F. A detailed description of the hybrid VOF-DBM method
and the implementation of the interface are provided in Jain et al.
(2014).

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 ¼ ∑
Nm

m ¼ 1
∑
Nw

w ¼ 1
FD;w;m ¼ ∑

Nm

m ¼ 1
∑
Nw

w ¼ 1
�1
2
CDρAw;m ul ul

���� ð9Þ

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 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 ¼ 1:2288
Re

ð1:0þ4:0675Re0:48Þþ0:85

 �

ϕ�1:9 ð10Þ

where ϕ is the fractional open area in between the wires,
depending on the wire diameter dw and the pitch p of the mesh

ϕ¼ 1�dw
p


 �2

ð11Þ

The force calculated from Eq. (9) is mapped to the Eulerian grid
using tri-linear interpolation to close the interphase momentum
transfer term Φw in (7).

3.5. Mass transfer

The interphase mass transfer _m from a bubble with an inter-
facial surface area of ab is given by

_mb ¼ Ea � klabρl Y
n

l �Yl
 � ð12Þ

where Ea and kl are the enhancement factor due to reactions in the
fluid phase and the mass transfer coefficient, respectively. Yn

l and
Yl respectively are the mass fractions of the transferred 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 absorption of CO2 across the bubble
interface is increased, which is quantified in terms of an enhance-
ment factor as

Ea ¼
Molar flux with chemical reaction

Molar flux without chemical reaction
ð13Þ

The enhancement factor correlation used here is (Westerterp
et al., 1984)

Ea ¼
� Ha2

2ðEa;1 �1Þþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ha4

4ðEa;1 �1Þ2þEa;1 Ha2
ðEa;1 �1Þþ1

r
; Ea;141

1 ; Ea;1r1

8><
>: ð14Þ

where

Ea;1 ¼ 1þ DOH � ½OH� �
2DCO2H½CO2ðgÞ�


 �
ð15Þ

and

Ha¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k11DCO2 ½OH� �

p
kl

ð16Þ

Here DA and ½A� are the diffusivity and concentration of
component A, respectively.

The mass transfer coefficient kl is calculated using the Sher-
wood number correlation from Brauer (1981)

Sh¼ kjldb
Dj

¼ 2þ0:015Re0:89b Sc0:7 ð17Þ

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

H¼ ρlY
n

l

ρbY
n

b
ð18Þ

3.6. Species transport

The species transport equation of a chemical species j with a
mass fraction of Yfj in the fluid is provided by Darmana et al. (2007)

∂
∂t

εlρf Y
j
f

� �
þ∇ � εl ρfuY

j
f �Γj;eff∇Y

j
f

� �� �
¼ _M

j
b-l� _M

j
l-b

� �
þεlS

j
R ð19Þ

where SR
j 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). Γj;eff is the effective diffusivity comprising of
molecular and turbulent components

Γj;eff ¼Γj;MþΓj;T ¼ ρlDj;Mþ μT

ScjT
ð20Þ

where ScT
j is the turbulent Schmidt number defined as

ScjT ¼
μT

ρlD
j
T

ð21Þ

where μT and DT
j 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 applica-
tion (Tominaga and Stathopoulos, 2007). In the present work,
ScjT ¼ 1 is used, which requires further examination before experi-
mental 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

Fεfρf Y
j
f

� �
þ∇ � Fεf ρfuY

j
f �Γj;eff∇Y

j
f

� �� �
¼ _Mb-f � _Mf-b

� �
þFεf S

j
R

ð22Þ
Note that Fεf ¼ εl. In the gas phase, Fεf ¼ 0. Moreover, there are

no bubbles present in the gas phase, so the interphase mass
transfer term _M above the liquid interface is also zero.
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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 paper are summarized in Table 2. In this study, the dimensions
x, y and z respectively indicate the coordinate directions in width,
depth and height.

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

n

l �Yl
 �¼ 4� 10�6 m=s. Solving (12) for a single bubble,

the bubble radius can be tracked with time using the analytical
solution

RbðtÞ ¼ Rbð0Þþkl Y
n

l �Yl
 �ρl

ρb
t ð23Þ

For simplification, the bubble density is taken as ρb ¼ 1:0 in
this case.

Fig. 1 shows that the simulation result perfectly matches with
the analytical results. Thus, it can be concluded that the imple-
mentation of bubble size variation in the column is done correctly.

4.2. CO2 physical absorption in the system

The mass transfer rate of a single bubble is defined in Eq. (12).
The overall mass transfer 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 (kl ), bubble
interfacial area (ab ) and the Henry constant (H) are used. For a case
with only physical absorption in the column, the enhancement
factor Ea¼1. Thus the mean dissolved CO2 concentration in the
column as a function of time can be expressed as

CO2 ðaqÞ½ �ðtÞ
H CO2ðgÞ½ � ¼ 1�exp

�tNbklab
Vl

 !
ð24Þ

where Nb is total number of bubbles in the column and Vl the total
liquid volume of the column.

A simulation is run with parameters specified as in Table 2 and
½CO2 ðaqÞ� is tracked with time. The analytical result is also
obtained from a macro-model (24). It can be seen in Fig. 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. 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 simulation settings for all
the simulations are provided in Table 2. The initial bulk concen-
trations in the liquid phase of all species other than OH� are zero.

Six different cases are studied with varying mesh configura-
tions as provided in Table 3.

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

Table 2
Simulation parameters common to all cases.

Parameter Units Value

Liquid density kg=m3 1000
Gas ðairÞ density kg=m3 1.2
Bubble CO2ð Þ 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 ðz¼ heightÞ 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
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defined as the probability that a bubble gets cut when it encoun-
ters a wire–mesh. All single mesh simulations are only done for
case 2.

5.1.1. 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 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 ¼
P

d3P
d2

ð25Þ

From Fig. 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.
40:3 m). 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 latter can be explained as
follows. In the cutting algorithm a check is made whether bubbles
that have been cut can be placed behind the wire mesh without
creating overlap with neighboring bubbles. This is needed for the
hard sphere bubble collision model that does not allow bubbles to
overlap. When cut bubbles cannot be placed without overlap, the
bubble is not cut and moved through the mesh instead. As a result
the fraction of bubbles that gets cut by the mesh is less than unity,
even if the cutting efficiency is below unity. This also explains that
cutting efficiencies above 10�2 lead to the same Sauter mean
diameter.

The net gas-holdup profiles as a function of time are presented
in Fig. 4. Low gas-holdup values are obtained when no cutting takes
place in the column. For very low cutting efficiencies, an inter-
mediate range of gas-holdups is observed, which is just above the
case with no cutting and below that of cutting efficiency 1. The gas-
holdup remains in the same range for cutting efficiencies Z10�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. How-
ever, 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.

5.1.2. 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 1), 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 Fig. 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. 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 ¼ 25 s are
plotted in Fig. 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

Table 3
Mesh configurations for simulations.

Case Number of
meshes (–)

Position of lowest mesh (from
column bottom) (m)

Distance in
consecutive meshes
(m)

1 0 – –

2 1 0.30 –

3 3 0.05 0.20
4 4 0.05 0.15
5 6 0.05 0.10
6 10 0.05 0.05
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of h¼ 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 Fig. 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 conse-
quently the residence time of the bubbles increases. As a conse-
quence the gas-holdup goes up and the net mass transfer rate is
further increased. Also, 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 parameters studied here, so a cutting
efficiency of 10�2 is used for all the following simulations.

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 happen-
ing 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 config-
urations listed in Table 3, the results of which will now be discussed.

5.2.1. 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

Fig. 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 (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. Conse-
quently, the reactor will display more of a plug flow like behavior as
the distance between the meshes is reduced.

The snapshots in Fig. 9 capture the bubble size distribution for
the different mesh configurations. Here, it can be seen that the
number of large bubbles (red colored bubbles in case 1) 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 Fig. 10, it can be seen that for case 1 (no mesh), the bubble
diameter keeps on increasing 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 coales-
cing, 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 open-
ing and is independent of the number of meshes.

It can be noted that the mean bubble diameter near the column
inlet for the case with cutting is slightly smaller than initial bubble
diameter of 4 mm. This can be explained by the presence of
smaller bubbles near the inlet nozzle, which are trapped in liquid
recirculation below the mesh.

In Fig. 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 consecu-
tive meshes. However, the minimum bubble diameter that can be
obtained depends on the mesh opening. Also the gas holdup
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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.

5.2.2. Multiple meshes with chemisorption
The main aim of this study is to find the effect of multiple

meshes in the case of chemisorption. The six different cases listed
in Table 3 are studied with the simulation model presented in

Fig. 8. Instantaneous vertical fluid velocity profiles in the xz-plane at y=W ¼ 0:5 at t ¼ 175 s for case 1 to case 6 (from left to right). The positions of the wire–meshes are
indicated by the dotted lines.

Fig. 9. Instantaneous snapshots of the bubble configuration at t ¼ 175 s for case 1 to case 6 (from left to right). The positions of the wire–meshes are indicated by the dotted
lines. (For interpretation of the references to color in this figure, the reader is referred to the web version of this paper.)
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Section 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.

Snapshots of the pH distribution in the column at t ¼ 25 s are
shown in Fig. 12. As seen from the snapshots, the mixing pattern is
homogeneous and slow in case 1 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
colored 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 Fig. 13. In this
figure, the pH decay of a system with initial pH¼12.5 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. The pH is measured
at a constant point in the column at 95% of the initial liquid height
and in the center of the horizontal cross-sectional plane of the
column. As can be seen in Fig. 13, the time taken by case 6 with 10
meshes to reach a pH¼7 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 ¼ 25 s has been plotted
as a function of column height in Fig. 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.
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The gas-holdup profiles for different cases are rather similar
(Fig. 15), 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 inflec-
tion 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.

6. Conclusions and outlook

In this work, 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 pH¼12.5.
The model is numerically verified for mass transfer and good

agreement is found with available 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 0.1 m 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 systemwith 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 accelerated by introducing wire–
meshes in the column. Moreover, using multiple meshes, higher
absorption rates can be achieved.

Nomenclature

a interfacial area (m2)
A cross-sectional area (m2)
c coefficient (–)
d diameter (m)
D Diffusion coefficient (m2/s)
Ea Enhancement factor (–)
Ea;1 enhancement factor at infinity (–)
Eö Eötvos number (–)
F color function (–)
f force vector (Eulerian domain) (N)
F Force vector (N)
g gravity acceleration (m/s2)
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)
_M interphase mass transfer term (liquid) (kg/m3 s)
_m interphase mass transfer term (bubble) (kg/m3 s)
p pressure (N/m2)
p mesh pitch (m)
R radius (m)
Re Reynolds number (–)
S source term in species balance equation (kg/m3 s)
Sc Schmidt number (–)
Sh Sherwood number (–)
t time (s)
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Fig. 15. Gas-holdup profile with time for various mesh configurations in case of
chemisorption.
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u fluid velocity vector (m/s)
v bubble velocity vector (m/s)
V volume (m3)
Y mass fraction (–)
…½ � 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 (–)
δt time step (s)
η gas volume fraction (–)
Subscripts/indices
n interfacial equilibrium value
aq aqueous
b bubble
d diameter
D drag (swarm)
D;1 drag (single bubble)
eff effective
f fluid
g gas
G gravity
j jth species
l liquid
L lift
P pressure
VM virtual mass
w wire
W wall
x; y; z co-ordinate dimensions
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Appendix A

A.1. Physical parameters

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

log 10
Hw

H


 �
¼ ð1:171� 10�4�1:83� 10�5Þ½Naþ �þð7:56

�10�4�1:83� 10�5Þ½OH� �þð1:372� 10�4

�1:83� 10�5Þ½HCO�
3 �þð1:666� 10�4

�1:83� 10�5Þ½CO2�
3 � ðA:1Þ

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 ¼ 3:59� 10�7exp
2044
T


 �
ðA:2Þ

where R is universal gas constant (mol=ðm3 KÞ) and T is
temperature in K.

A.2. Mass transfer rate

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

Sh¼ kjldb
Dj

¼ 2þa � RebScc ðA:3Þ

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:

� a¼1.25, b¼0.5, and c¼0.33, and
� a¼0.43, b¼0.58, and c¼0.33.

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

Sh¼ 2þ0:015Re0:89Sc0:7 ðA:4Þ
In the present study, this correlation has been used.

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 (Pohorecki and Moniuk, 1988). This
expression is valid for absorption into pure sodium-hydroxide
solutions from 0.1 to 4 M and for temperatures ranging from 294
to 314 K

log 10
k11
k111


 �
¼ 0:221 � I�0:016 � I2 ðA:5Þ

where the reaction rate constant at infinite dilution, k111
(m3=ðkmol sÞ) is obtained by

log 10k
1
11 ¼ 11:895�2382

T
ðA:6Þ

whereas the ionic strength I is defined as

I¼ 1
2 Naþ� 	

z2Naþ þ OH�½ �z2OH � þ HCO�
3

� 	
z2HCO�

3
þ½CO2�

3 �z2
CO2�

3

� �
ðA:7Þ

The value of k11 is modified because of co-electrolytes present
in the solution.

The backward rate constant for first reaction k12 is calculated
using the equilibrium constants K3 and Kw of following reactions:

CO2þH2O⇋HCO�
3 þHþ ðA:8Þ

Hþ þOH�⇋H2O ðA:9Þ
The equilibrium constants K3 (kmol=m3) is calculated using

(Edwards et al., 1978)

K3 ¼
½HCO�

3 �½Hþ �
½CO2�

¼ exp �12;092:1
T

�36:786 � ln Tð Þþ235:482

 �

ðA:10Þ
and the solubility product, Kw (kmol2=m6) is taken from
Tsonopoulos et al. (1976)

Kw ¼ ½Hþ �½OH� � ¼ 10 5839:5=Tþ22:4773�log 10ðTÞ�61:2062ð Þ ðA:11Þ
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The equilibrium constant for reaction r1 can thus be calculated
as

K1 ¼
K3

Kw
ðA:12Þ

and backward rate constant, k12 as

k12 ¼
k11
K1

ðA:13Þ

A.3.2. Second reaction
Equilibrium constant, K2 (m3=kmol) for reaction (r2) is calcu-

lated with (Hikita et al., 1976)

log 10
K2

K1
2


 �
¼ 1:01

ffiffiffiffiffiffiffiffiffiffiffiffiffi
½Naþ �

p
1þ1:27

ffiffiffiffiffiffiffiffiffiffiffiffiffi
½Naþ �

p þ0:125½Naþ � ðA:14Þ

where K1
2 is the equilibrium constant at infinite dilution, and is

calculated using

K1
2 ¼ 1568:94

T
þ0:4134�0:00673T ðA:15Þ

The forward reaction rate constant, k21 is kept constant with a
value of 106 m3=ðkmol sÞ. The backward reaction rate constant, k22
is calculated using

k22 ¼
k21
K2

ðA:16Þ
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