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Abstract: A novel system for contacting gases and liquids,
suitable for many applications involving gas–liquid con-
tact such as CO2 capture and brine desalination, has been
simulated and experimentally validated. The system
comprises a vertical vessel with gas and liquid ports and
inert particles that enhance mixing and provide a high
gas–liquid interfacial area. A low gas flow rate was statis-
tically demonstrated and experimentally verified to be the
optimum condition for CO2 capture and brine desalination;
however, the gas velocity can have a considerable effect on
the motion of inert particles inside the reactor. Uniform
particles motion ensures good mixing within the reactor
and hence efficient absorption and stripping process. A
computational fluid dynamics (CFD) model, namely
Eulerian model, presented in this paper, will help
demonstrate the effect of mixing particles at specific con-
ditions on the gas and liquid velocities inside the reactor,
gas and liquid volume distribution through reactor, and
eddy viscosities stresses of the mixing particles. A mesh-
independent study was conducted to demonstrate the
independency of mesh structure and size on the output
responses. A quasi-steady state was attained to ensure
the stability and feasibility of the selected model. The

assembled model exhibits remarkable applicability in
determining the optimum mixing particles densities,
volume ratios, and sizes to ensure best velocity distribution
and gas spreading inside the reactor and accordingly
enhance the associated chemical reactions.

Keywords: CFD simulation; Eulerian model; gas-liquid
reactor; inert mixing particles.

1 Introduction

Gas–liquid reactors, particularly bubble column reactors,
are very important and play a significant role in many
chemical processes. In a bubble column reactor, a
discontinuous gas phase in the form of bubbles is devel-
oped at the bottomof a vessel through an orifice andmoves
relative to the continuous liquid phase, exchanging mass,
momentum, and energy. Bubble reactors are excellent re-
actors for processes that require a large interfacial area for
gas–liquid mass transfer and large liquid holdup that is
favorable for slow liquid phase reactions (Charpentier
1981). The distinct advantages of bubble columns over
other gas–liquid reactors are their simple design and
construction, low operation and maintenance costs,
excellent heat and mass transfer characteristics as well as
temperature control, absence of moving parts, and high
mixing ability (El-Naas 2017; Gemello et al. 2018). Bubble
columns are widely used in many applications in the bio-
processing industry such as oxidation, hydrogenation,
Fischer–Tropsch synthesis, chemicals production, coal
liquefaction, and fermentation (Gemello et al. 2018;
McClure et al. 2015). However, the performance of the
bubble column is influenced by a few parameters such as
liquid-phase, back-mixing, bubble-size distributions,
bubble–bubble interactions in the turbulent flow regimes,
and bubble rise velocities. In addition, modeling such re-
actors is difficult, although it appears to be simple. The lack
of complete understanding of the fluid dynamics and the
characteristics of mass transfer under practical industrial
conditions makes it difficult to scale-up and improve its
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performance (Lemoine et al. 2008). The hydrodynamic
studies for gas–liquid bubble columns have been con-
ducted based on computational fluid dynamics (CFD)
(Dhotre et al. 2004; Pflleger and Becker 2001; Pfleger et al.
1999; Pourtousi et al. 2014) for exhibiting flow features and
predicting the flow pattern of bubble columns. Pfleger and
Becker (2001) have examined the liquid phase measure-
ment considering the local liquid phase velocities and gas
volume fraction in 3-D bubble column reactors. They
employed a dynamic Eulerian–Eulerian 2 phasemodel and
standard k–ε turbulence model. In their work, Pfleger and
Gomes (1999) examined the performance of an air–water
systemwith low gas void fraction to develop a laminar and
turbulent model. The laminar model exhibits a chaotic
behavior and cannot produce the harmonic oscillation
observed in the experiments. However, a turbulent model
can demonstrate this performance. A transient 2-D
axisymmetric model has been discussed by Sanyal et al.
(1999) to validate a laboratory-scale cylindrical air–water
bubble column, run under bubbly flow and churn turbu-
lent conditions. FLUENT software has been utilized to
conduct numerical simulation and compare the findings
obtained from the Eulerian multiphase model and alge-
braic slipmixturemodel. Good quantitative agreementwas
observed between the experimental data and simulations.
The results show that, the simple 2-D axisymmetric model
can be utilized to accurately estimate the overall flow
pattern and gas holdup distributions. In their review,

Pourtousi et al. (2014) show suitable interfacial forces,
turbulent dispersion models, virtual mass and turbulence
models, Reynolds stress model, and large eddy simulation
to predict flow pattern inside the bubble column using
Eulerian–Eulerian model. The influence of various inter-
facial forces and turbulence models on gas–liquid velocity
and gas hold-up in bubble column is considered. The nu-
merical study of the bubble column indicated that bubble
size can significantly influence the findings. Dhotre and
Ekambara (2004) have simulated the impact of the sparger
design and height to diameter ratio and radial gas hold-up
profiles. Three different gas–liquid systems have been
simulated. Buwa et al. (2002) examined both experimen-
tally and numerically the impact of gas velocity sparger
design and coalescence suppressing additives on the dy-
namics of gas–liquid flow in a rectangular bubble column.
In this study, the hydrodynamics of an Inert Particles
Spouted Bed Reactor (IPSBR) that can provide excellent
gas–liquid contact, high performance efficiency, and can
be easily scaled-up has been investigated (El-Naas 2017).
The system is suitable for numerous gas–liquid contact
applications and was previously evaluated for CO2 capture
and brine desalination (El-Naas 2017). Therefore, this pa-
per presents a CFD representation for the flow dynamics
and particle movements in the IPSBR. The mixture of fluid
and Eulerian model are implemented to simulate the per-
formance ofmultiphase flowwithmixing particles inside 2-
D gas–liquid contactor system.

Figure 1: Gas–liquid contactor systemwithmajor dimensions and flow path for gas into liquid filled reactor (semi-batchmode), (b) gas–liquid
contactor system with 3D side view and simulated 2D model, (c) contours of volume fraction of water at time flow of 0 s.
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2 Simulation set-up

The geometry andmesh of the gas–liquid contactor system
were established using Gambit 2.4.6 software. The geom-
etry and mesh were exported to ANSYS Fluent 15 to simu-
late the flow of gas into the system under a semi-batch
mode. The two-dimensional flow domain was constructed
for air to flow in liquid water, as shown in Figure 1a,b. The
geometry and mesh for the reactor system is in the semi-
batch mode. The geometry of the gas–liquid contactor
system was established in 2D with mesh of unstructured
elements and a triangular form, using advanced size
function on curvature andhigh smoothingwith a curvature
normal angle of 18.0°, minimum size of 5 × 10−4 m,
maximum size of 5 × 10−3 m, and growth rate of 1.20.
Computational grid and mesh structure for conical and
cylindrical part of contactor system is illustrated in
Figure 2. The mesh setup comprises four sections, namely,
gas inlet, gas outlet, water body, and space. Air flows in
through a conical region through an orifice with a diameter
of 0.002 m to a cylindrical region of the contactor system;
air then flows out through the gas outlet section on the top
of the system. The system initially is filled with 3 L of water
with air space at the top of the reactor that provides the
ability for increasing the water head after gas starts flow-
ing, as shown in Figure 1c. Table 1 lists the major variables
formesh characteristics and quality evaluation. From these
values, the minimum orthogonal quality and maximum
aspect ratio indicate a high quality for the mesh structure.

3 Numerical simulation

In the present work, the flow in the bubble column reactor
was modeled using Eulerian multiphase and mixture of
fluid approaches, which were simulated using the FLUENT
software assuming axisymmetry. Although both models
are used to predict multiphase flows, there are funda-
mental differences between them, which are outlined here.
The temperature variation is assumed to be negligible and
hence the model is considered isothermal. Further, the
liquid phase is assumed to be incompressible and the gas
phase to have constant properties. Bubbles are generated
at the bottom of the reactor base through 0.002 m diameter
spherical orifice, with equal size bubbles. The coalescence
and breakage properties are neglected. The sum of the
volume fraction of two phases is taken as unity. A single
pressure field is assumed to be shared for two phases and
no mass is exchanged between the two phases. The pri-
mary phase is considered to be water, and the secondary

phase, air. Moreover, no slip boundary conditions were
implemented at all the impermeable walls and atmo-
spheric pressure was imposed at the top of the column.

3.1 Eulerian multiphase model

The Eulerian method is preferred for high gas holdup and
churn turbulent flows (Zhang 2007). In the Eulerian two-
fluid approach, the different phases are treated mathe-
matically as interpenetrating continua. The conservation
equations for mass, momentum, and energy for each of the
individual phases is derived by ensemble averaging the
local instantaneous balances for each of the phases
(Anderson and Jackson 1967). The Eulerian–Eulerian
approach is based on the assumption that the dispersed
and continuous phases are interpenetrating continua
(Sanyal et al. 1999). This approach is useful for solving
multiphase and turbulent flow. Both the liquid and gas
phases are considered to be two distinct phases, interact-
ing with each other in the computational domain. The
multiphase flow in the bubble columnwas described using
the concept of phase volume fractions. A separate volume
fraction equation was solved in each computational cell to
determine the volume fraction of the liquid and gas phases
in that cell. Inter-phase momentum transfer terms were
implemented into the respective phase’s momentum bal-
ance equations to couple between the motion of the
dispersed and continuous phases. In addition, momentum
transfer between the phases is modeled through a drag
term, which is a function of the local slip velocity between
the phases. A characteristic diameter is assigned to the
dispersed phase gas bubbles, and a drag formulation
based on a single sphere settling in an infinite medium is
used. Turbulence in either phase is modeled separately.

Figure 2: Computational grid and mesh structure for conical and
cylindrical part of contactor system.
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The details of the governing equations used in the simu-
lations are shown below (Sanyal et al. 1999).

3.1.1 Continuity equation
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where τk is the kth phase stress-strain tensor, whose com-
ponents are given as follows:
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The fourth term on the right-hand side of Eq. (2) rep resents
the interphase drag term. The inter-phase exchange forces
are expressed as follows:

R
→
pk � Kpk(v→q − v

→
k) (4)

where Kpk being the momentum exchange coefficient be-
tween the pth and the kth phases.

3.1.3 Mixing particles

The effect of inert particle on CO2 capture, ion removal, and
residence time distribution in the IPSBR was examined
experimentally in previous studies (El-Naas et al. 2017;
Ibrahim et al. 2019). Inert particles create a circular motion
within the vessel, enhancing mixing and providing high
gas–liquid interfacial area for effective mass transfer. The
inert particles comprises plastic (poly methyl methacry-
late) with an average particle size of 0.013 m and a density
of 1,020 kg/m3. The specifications of the inert particles
employed in the experiments conducted in the previous
work (El-Naas et al. 2017) are listed in Table 2. Particles
with an average diameter of 0.013 m provided a rela-
tively uniform movement and excellent mixing within
the reactor vessel. In the DPM, the trajectory of the

Table : Mesh characteristics and quality variables.

Minimum orthogonal quality .e-
Maximum aspect ratio .
Maximum ortho skew .
Nodes Counts ,
Elements Counts ,
Wedges Counts 

Minimum volume in m
.e-

Maximum volume in m
.e-

Total volume in m
.e-

Maximum face area in m
.e-

Minimum face area in m
.e-

Table : Inter particle specifications (El-Naas ).

Material Poly methyl methacrylate (PMMA)
Average size  mm
Average weight . g/particle
Wet density . g/cm

Volume . cm/particle
Surface area . cm/particle
Sphericity .

Figure 3: Eulerian model’s methodology structure.
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particles was tracked using the Newtonian equation of
motion. Considering particle inertia and force balance,
the Newtonian equation of motion is as follows (Zhang
et al. 2018):

∂vp
∂t

� f D(v − vp) + g(ρp − ρ)
ρp

+ f (5)

where fD(v−vp) is the drag force per unit particle mass and

f D � 3μCDRe

4ρpd
2
p

(6)

where v is the fluid phase velocity, vp the particle velocity, µ
is the molecular viscosity of the fluid, ρ is the fluid density,
ρp the density of the particle, and dp is the particle diam-
eter. Re is the relative Reynolds number, which is defined
as

Re � ρdp

∣∣∣∣vp − v
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μ
(7)

The drag coefficient, CD can be defined as:

CD � a1 + a2

Re
+ a3

R2
e

(8)

where a1, a2, and a3 are constants that can be applied for
smooth spherical particles over several ranges of Re.

Equation (5) includes a force of gravity on the particle
that is equal to 9.81 m/s2.

3.2 Numerical methodology

The models were used to investigate the hydrody-
namic flow behavior in an existing system comprising

a stainless steel cylindrical vessel with an internal
diameter of 0.078m; height, 0.700m; and a total working
volume, 3,000 ml. The simulations were conducted un-
der transient and gravitational acceleration conditions.
The realizable k–ε model helps consider the turbulence
effects of the flow of gas through water. Each model has
been run in a double precision mode to increase the ac-
curacy of the calculation. The momentum and pressure
equations were solved using the phase-coupled simple
scheme with volume fractions. The gradient was calcu-
lated using least squares cell based method (Patankar
1980). A first order upwind scheme is used to solve the
momentum and turbulence equations (Kartushinsky
2016; Li et al. 2009, 2016). The pressure and momentum
under relaxation factors are set as 0.7. The equations
are then solved in a segregated, iterative fashion for
increasing time steps. At each time step of 0.001, with an
initial guess for air volume fraction of 0 in the primary
phase, the numerical simulation was conducted in a 2D
rectangular column with a width of 0.0778 m and height
0.850 m. The column was partially filled with water;
then, at time t = 0.0 s, air was injected through the orifice
at a velocity of 1 m/s. The numerical models were solved
using the numerical solver Fluent based on a finite vol-
umemethod. A hybrid initialization method was used for
solution initialization. A time step (t = 0–10 s) for flow
was tested for the semi-batch mode with and without
mixing particles. For each time step, the convergence
criteria for the sum of normalized residues were fixed at
10−3 and 20 iterations per time step were satisfactory.
Figure 3 shows the general structure for Eulerian model
methodology.

Figure 5: Quasi-steady state investigation for semi-batch mode at
different flow times (1–30 s) for gas velocity of 1 m/s and without
mixing particles.

Figure 4: Mesh-independent study for air velocity in the contact
systemat specific flow time anddistance from the gas inlet based on
transient simulation.
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4 Results and discussion

4.1 Mesh independent study

The computational accuracy of CFD simulation is correla-
tive to the number of mesh and time step. To obtain amesh
independent solution, an intensive mesh study was con-
ducted as shown in Figure 4. All simulations are converged
using the defined convergence criterion. Seven different
size meshes were tested, including 22,845, 28,568, 32,871,
36,112, 39,068, 41,386, and 42,372, with mesh size starting
from 0.0022 and ending by 0.0016, respectively. A mesh
study is only possible if the solution is independent of the
time step and vice versa. This circumstancewas considered
and the mesh study was conducted with sufficiently small
time steps. The study is conducted by investigating the air
volume fraction as demonstrated in Figure 4, The conver-
gence for air velocity was reached at mesh size of 0.0016
(corresponding to 42,372 cells) only around 1% different
than the previous mesh size (0.0017 corresponding to
41,386 cells). The solution with its clear oscillation trend
was found to be mesh-independent and there were no
significant differences between the last four mesh sizes,
particularly between the results of the 0.0019 and 0.0016
mesh sizes. Therefore, owing to the calculation speed and
efficiency, the 0.0020 grid size which provides 2.6% dif-
ference from the finest tested mesh, would be acceptable
and was applied in further 2D column tests.

4.2 Quasi-steady state study

A quai-steady state test has been conducted to specify the
accurate time at which the results of bubble column should
be recorded. Evidently, Figures 5, 6 show that the velocity

of the air increaseswith time for 25 s. However, a drop in the
air velocity is observed at 30 s. Therefore, the optimum time
at which the results should be recorded is 20 s. The con-
tours of air velocity of 1 m/s at 1, 5, 10, 15, 20, 25, and 30 s
until the quasi-steady state is attained is shown in Figure 6.
The air velocity distribution in the column is similar
throughout the column for 20, 25, and 30 s, indicats that the
column has achieved the quasi-steady state. Superficial air
velocity plays an important role in governing the flow field
in a bubble column. It is expected that with an increase in
superficial air velocity, flow structures become more com-
plex and bubble collision and breakup increases. There-
fore, a further study will be carried out to investigate the
effect of different superficial air velocities on the variation
of flow patterns. Moreover, 3D models are still needed to
provide sufficient representations of the behavior of these
flow patterns.

4.3 Contour results from CFD study

Figure 7 shows a few results for the Elurian model through
the contours of air velocity, water velocitiy, air volume
fraction, water volume fraction, and Eddy viscosity for the
semi-batchmodewithmixing particles at gas velocity 1m/s
following 20 s of flow. The effect of mixing particles is
shown in Figure 8, where the path lines indicate the
minimization of the stagnant zones inside the reactor.

4.4 Gas–liquid time-averaged velocity
distribution

The time-averaged velocity distribution for air and
liquid has been studied and results are demonstrated
in Figure 9a, b. All data have been extracted at a height

Figure 6: Air velocity contours at (a) 0, (b) 5 (c) 10, (d) 15, (e) 20, (f) 25, (g) 30 s of flow for gas velocity of 1 m/s and without mixing particles.
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of 50 cm from the gas inlet after the transient state reached
statistically steady state. The readings at 25 and 30 s time
intervals have been averaged. The error bar reflects the
repeatability of the results. The standard deviation is in the
range of 0.005631 to 0.0145. Figure 9a shows that the
averaged-time velocity of the air is maximum at the center
of the cross-section and reduces on both sides till it reaches
zero at the wall. A different pattern for the air velocity
is observed when including the mixing particles. The
averaged-time velocity is distributed along the cross
section without showing a peak at the center as in the case
of no particles. Homogeneous distribution of mixture’s
velocity over reactor cross section and reduction in velocity
magnitude if compared to the peak value of the case of no
particles are due to variation of the liquid velocity, where
the fluid circulates at different intensity along the column.
Further, owing to the variation of the circulation velocity,
the momentum exchange results in distribution of kinetic
energy for which the flow pattern and gas holdup will
radically vary. In addition, increasing the liquid velocity
decreases the gas holdup. The bubbles are fast driven by
the liquid. The residence time of the bubbles decreases
with the liquid velocity, and hence, the gas holdup is likely
to decrease. In addition, an evident increase in the gas
holdup inside the reactor is observed as particles are
added; in this case, the liquid recirculation tends to move
gas toward the right of the column. Furthermore, there is an
increment in the gas holdup near the riser wall. The reason

for this is that the larger sized liquid circulation at the riser
bottom tends to move the gas towards the wall. Gas hold-
up profile gives a prediction to pressure variation and thus
liquid recirculation. Liquid recirculation has significant
effect on mixing and hence heat and mass transfer pre-
dictions of radial gas hold up. All of this would lead to
better understanding of this phenomenon to scale-up the
bubble column.

In gas–liquid bubble columns, the velocity of liquid
varies with time and location in the column.

The radial velocity profiles, from 2D simulations, of
liquid phase from 0 to 0.08 m and at a height of 0.500 m
from the gas inlet is shown in Figure 9b. For no particles,
the averaged-time liquid velocity increases from zero at the
wall surface to the free stream velocity away from the
surface under a no-slip boundary condition to create a
parabola as shown in Figure 9b. However, by using the
particles, the water velocity sharply decreases along the
radial axis and a uniform distribution along the axis and
almost zero velocity at wall are illustrated. These obser-
vations reflect the significant and beneficial effect of
introducing the particles in the bubble column. It is worth
mentioning that using mixing particles will increase the
overall average velocity inside the reactor, and hence affect
the velocity profile of the gas and liquid. Still, in this study,
low volume fraction of mixing particles is used and
accordinglyminimum effect on velocity profile is expected.
However, the dominant effect on velocity profile, which is

Figure 7: Eulerian model contours of gas and liquid velocities and volume fractions and eddy viscosity for the semi-batch mode with mixing
particles at gas velocity of 1 m/s after 20 s of flow.
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the changing of the average velocity or the effect of mixing
particles, will be investigated in a future study.

4.5 Gas–liquid time-averaged volume
fraction

Near the wall of the reactor, there is a significant differ-
ence in the value of averaged-time air fraction with and
without the particles, as illustrated in Figure 9c. Without
the particles, air fraction is almost zero and once the
particles are added, it increased rapidly to approximately
0.2–0.3 at reactor wall. Moreover, instead of the air con-
centration around the centerline of the reactor when
particles are not mixed, more distribution is observed
over the radial coordinate when particles are mixed, and
hence, more gas is spread among the reactor. Accord-
ingly, significant improvement of mixing for the two
phases is achieved, hence, increasing the mass and heat
transfer.

Adding particles enhance the mixing between the
water and the air, as shown in Figure 9d. The averaged-
time fraction of the water at the wall for no particles is
almost 1.0, which indicates that there is no proper
mixing between the air and the water. However, in the
presence of particles, the fraction of the water declines
and that of the air increases. Figure 9c, d displays the
averaged-time values at 25 and 30 s. The error bar

shown in the figure reflects the accuracy and repro-
ducibility of the results.

4.6 Time-averaged eddy viscosity study

Figure 9e illustrates that, adding particles increases
significantly the eddy viscosities. This is also because an
increase in the intensity of the circulation along the column
axis varies with energy distribution. As for fluid velocity
and volume fraction, the average values have been recor-
ded for the reading at 25 and 30 s. The energy distribution is
a function of the phase physical properties. The velocity in
the core region of the column is higher than that observed
at other radial positions because of the reduction in inter-
facial stress between the wall of the column and the liquid,
and accordingly the fluid, develop circular pattern at
different intensities along the column. Similarly, because
of the difference between the circulation velocities, the
momentum exchange results in a distribution of kinetic
energy for which the flow pattern and gas holdup will
radically vary.

4.7 Wall shear stress

Figure 10a, b shows the shear wall stress along dimen-
sionless radial position at a superficial gas velocity of 1 m/s

Figure 8: Particles distribution and path lines within gas and liquid velocity contours for the semi-batch mode with mixing particles at gas
velocity of 1 m/s after 20 s of flow.
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with and without mixing particles. The dimensionless co-
ordinate at the x-axis represents the distance from the wall
divided by the whole diameter of 0.0778 m, all the results
are taken at height of 50 cm from gas inlet. Figure 10a il-
lustrates the change in wall shear stress in the region from
0 to 0.020. As might be expected, it is very clear from the
data that thewaterwall shear stresswithmixing particles is
less than that of the non-mixing particles. As shown from
the figure, the highest value with mixing particles reached
almost 0.42 Pa compared with 0.78 Pa for the non-mixing
particles. This is because adding particles enhances the
eddy viscosities and circulation near thewall asmentioned
before in section 4.6. As an overall trend, the shear stress of
water with and without mixing particles remains almost
stable near the wall from 0.000 to 0.020. This is due to
the no-slip boundary condition, where the fluid which is

mostly water will have almost a zero velocity relative to the
boundary. The effect of addingmixing particle on air shear
stress near the wall from 0.96 to 1 is shown in Figure 10b.
The results reveal that after adding mixing particle, the air
shear stress decreases rapidly from 2.5× 10−5 Pa to a value of
approximately 1.57 × 10−5 Pa , at which the stress enters a
period of stability. It can be noticed that the air shear stress
without mixing particle is not constant, because the con-
centration of air near the wall is negligible and any change
in the distance from the wall will affect the stress as the
intensity of air will increase.Withmixing particle, there is a
good distribution of air near to thewall and hence the shear
stress is almost the same. In summary, results from the
above shear stress analysis showed that by adding parti-
cles, thewater and airwall shear stresses reduced to almost
46 and 37%, receptively.

Figure 9: (a) averaged air velocity, (b)
averaged liquid velocity, (c) averaged air
volume fraction, (d) averaged liquid volume
fraction and (e) averaged eddy viscosities
for the dimensionless coordinate of the
reactor systemat high of 50 cm from the gas
inlet.
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4.8 Interfacial area

The interfacial area concentration is one of the most
essential parameters for bubble column reactors. It is an
important factor in determining the mass-transfer coeffi-
cient. Table 3 shows the interfacial area concentrations
with and without mixing particles at different elevations.
The readings were obtained at flow time of 30 s, 0.002 m
orifice diameter, and gas velocity of 1 m/s. The data show
that the higher interfacial area concentrations are observed
at the default interior, where the bubbles were produced in
the higher turbulence region, increasing the overall in-
tensity of bubbles. Also, the interfacial area concentration
was higher at thewall than at the outlet. This is because the
large bubbleswere brokenupwhilemoving from the center
to the outlet. It is very important to note that the interfacial
area concentration increased by 26.34% with mixing par-
ticles. The enhancement is due to the improvement in

surface area and the chances of collisions. The contours of
the interfacial area concentration for air bubbles is illus-
trated in Figure 11.

5 Experimental set-up and CFD
validation

For the validation of CFD simulation, a laboratory-scale
IPSBR was used. Its geometry is consistent with the
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Figure 10: (a) water wall shear stress versus normalized distance
from the wall and (b) air wall shear stress versus normalized
distance from the wall.

Table : Interfacial area concentrations with and without mixing
particles at different elevations and  s flow time.

Interfacial area
concentration (m/m)

With mixing
particles

Without mixing
particles

Default-interior . .
Inlet .e- .e-
Outlet . .
Wall . .
Total . .

Figure 11: Contours of interfacial area concentration (m2/m3) for air
bubbles (a) with mixing particles and (b) without mixing particles.
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geometry studied in the present simulations, as shown in
Figure 12. The reactor is made from a Plexiglas cylinder
with an inner diameter of 0.08 m, thickness of 0.003 m

and a total high of 0.965 m. The reactor is filled with
spherical acrylic particles with a diameter of 0.005 m. A
gas orifice with an inner diameter of 0.002 m is installed

Figure 12: A laboratory-scale bubble column
reactor with internal diameter of 82mmand
total high of 965 mm and gas orifice
diameter of 2 mm with (a) inert mixing
particles and (b) without mixing particles.
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Figure 13: Experimental and simulation
results at certain points for air velocity and
air volume fraction (a) with mixing particles
and (b) without mixing particles.
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at the center of the bottom plate for the injection and
uniform distribution of the gas phase. Bubbles with a
diameter of 0.002–0.003 m are produced. All measure-
ments are accomplished at atmospheric pressure and
room temperature. Each experimental run starts by filling
the column with the appropriate liquid phase. The ex-
periments are performed with and without mixing parti-
cles. For the gas phase, a high-speed digital video camera
is used to identify the bubbles and measure relevant
bubble characteristics, such as the diameter, velocity,
and trajectories. The bubble gas velocity and volume
fraction is measured in the radial direction from wall to
wall and vertically from the gas inlet, respectively using
Photron FASTCAM Viewer software (PFV) Ver. 3282.
Figure 13 presents the experimental and simulation re-
sults at certain points for air velocity and air volume
fraction with and without mixing particles. The observed
change in velocities are in good agreement with the CFD
results with a deviation of only 5–10%.

6 Conclusions

The CFD simulation using ANSYS Fluent and Eulerian
model (k–ε turbulence effect) was implemented. A mesh-
independent analysis indicates that themesh size of 0.002 is
sufficient for this study. A quasi-steady state was attained
after only 20 s of flow without mixing particles, which in-
dicates that the reactor conical design improves the circu-
lation of gas spreading through the liquid phase. Themixing
particles significantly contribute to decreasing the stagnant
zones near the walls due to their rotational and vibrational
motions. With the help of mixing particles, gas is properly
distributed into the reactor; its velocity as well as liquid
velocity decreased according to the resistances associated
with particles motion. This decrease in gas velocity in-
creases the gas residence time and hold-up inside the
reactor that improves the mass and heat transfer between
phases and accordingly improves the desired reaction effi-
ciency. The models and results presented in this work will
provide a useful basis for further study on the modeling of
this novel reactor. The progress in CFD will continue with
thedevelopment of 3-D simulation to investigate the relation
between flow patterns and design. Parametric sensitivity
analysis will be carried out to study the effect of various
process parameters such velocity (m/s), orifice diameter
(m), gas head over liquid (m), diameter of mixing particles
(m), and mass flow rate of mixing particle (kg/s) on the air
velocity, air volume fraction, total density, eddy viscosity
andwater velocity. In addition, the effect ofmesh size needs
to be investigated further. Finer mesh size will bring out

further details in the flow structure, which is of great inter-
est. Such an approach has obvious potential for improving
the design, scale-up and operation of industrial bubble
column reactors and will be the focus of our future work.
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