Iranian Reasearch Organization
for Science and Technology
(IROST)

Advances in Environmental Technology 10(3) 2024, 237-269.

Advances fm*
Environmental

IAdV.qnces ﬂmg . TEChnol_(-ng?::_q
IEnvironmental
Technology

Journal home page: https://aet.irost.ir

CFD with the Population Balance Model for Packed Bed Airlift Reactor

with External Loop

Shivanand Teli®, Sunil Kulkarni*®
?Three D Engineering Automation LLP, Pune, Maharashtra.
b Chemical Engineering Department, Gharda Institute Technology, Lavel, India.

ARTICLE INFO

ABSTRACT

Document Type:
Research Paper

Article history:

Received 21 February 2024
Received in revised form

1 May 2024

Accepted 9 May 2024

Keywords:
Computational Fluid
Dynamics, External Loop
Airlift Reactor, Fixed Bed,
Population Balance Model,
Shear Sensitivity

An airlift reactor with the external loop (EXL ALFR) is a widely used modified
version of a Bubble Column Reactor (BCR). An EXL ALFR can also be used for a
three-phase system with the solid phase in a packed or fluidized form. An EXL
ALFR provides design flexibility for conventional chemical reactions as well as
biological reactions. Shear is an important factor for the reactors handling
immobilized enzymes. In the current investigation, the effect of the design
variables, like gas hold-up, the velocity of circulating liquid, and the
distribution of bubble dimension, was compared for an EXL ALFR and an
external loop airlift reactor with a packed bed (EXL ALFR-PB). Particle Image
Velocimetry (PIV) was employed for the liquid axial velocity in the downcomer
of the reactors, and the computational fluid dynamic with the Population
Balance Model (CFD-PBM) was employed. The minimum percentage of errors
of 2.3% and 1.2% and the maximum of 4.2% and 3.4% were obtained for the
experimental and predicted values of gas hold-up in the EXL ALFR and EXL
ALFR-PB, respectively. For the velocity of the circulating liquid, the predicted
and experimental values of their minimum percentage error were 1.1% and
0.5% and a maximum of 4.3% and 4.5% in EXL ALFR and EXL ALFR-PB,
respectively. Also, the pressure drops calculated from the Ergun equation and
CFD simulation had a 0 to 4% difference, indicating good agreement.

1. Introduction

flow, expanded and baffles flow), and anaerobic
filter reactors. Aerobic reactors include stirred

The biological treatment processes can be aerobic
and anaerobic. In anaerobic reactors, the organic
matter decomposes in the absence of oxygen or air
to form methane and other gases. The anaerobic
methodology is preferred for heavy slu with high
oxygen demand. Different contactors for
anaerobic treatment can be used: anaerobic
lagoons, sludge blanket reactors (anaerobic up
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tanks, bubble columns, fluidized beds, and airlift
reactors. Aeration is a very important aspect of the
reactors used in aerobic treatment. In aerobic
treatments of wastewater, the important
parameters that need to be monitored are the
economy and efficiency in terms of pollutant
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removal and energy consumption, cost, and
discharge quality.

Modern-day research for treating wastewater is
driven by the need to recycle wastewater, making
it reusable and recyclable. Bubble column reactors,
airlift reactors, fluidized bed reactors, and stirred
tank reactors are being investigated by the experts
to model and optimize them for
efficiency and economy. The position of the
impellers, aeration ports, baffles, and stirrers, as
well as the size of the bubbles formed, flowrate,
and properties of biological sludge, are the most
investigated parameters for optimization and
modeling. In the airlift loop, the gas is flown
through a compartment to mobilize and circulate
the broth or flocs between outer compartment and
compartment. Low power consumption,
effective  dispersion,  simplicity, and low
contamination are advantages of airlift reactors.
Energy demand, foaming, and possible cell
damage are drawbacks of these contactors.
Investigations on airlift reactors focus on
optimizing the operating parameters and reducing
the limitations.

Biological three-phase such as
fermenters, bioreactors, or wastewater treatment
plants, use contacting equipment such as stirred
tanks, bubble columns, three-phase fluidized
columns, and airlift reactors. Operating problems
in these contact equipment include adversities in
keeping up steadiness and the slow rate of the
bioprocess in a bioreactor due to inadequate
mixing [1]. Insufficient mixing may be due to poor
construction and design [2, 3]. Mixing in the
bioreactors is required for the uniformity of the pH,
tight
components, and to prevent fouling, foaming, and
thermal stratification. The ALFR for gas liquid
contacting has a wide range of applications in the
industry. ALFRs are classified into two categories
based on circulation loops, namely external and
internal loop reactors [4, 5]. The excellent mixing
and prolonged contact time for gas-liquid flow are
facilitated in ALFR. The reverse mixing in the liquid
phase and elevated values pressure drop are the
two main limitations of a bubble column reactor.
Modification minimizes these limitations in an

maximum

inner

systems,

to maintain the contact of various

airlift reactor with an external loop. Thus, an EXL
ALFR can be considered a customized reactor with

the principles of a bubble contactor. The velocity in
the riser section of an EXL ALFR is invariably higher
than in the bubble column contactor.

Gas-liquid-solid fluidized beds (GLS-FBD) are
considered very efficient devices for three-phase
operations. Many reported
investigations on the hydrodynamics of gas-solid-
liquid (GLS) flow in a FBD [6-10]. A FBD contactor
is a highly complex mixture of GLS flow in the
reactor. The effect of the jetting, the formation of
bubbles in the fluid, the movement of the
suspended particles, and pressure variations
increase the stochasticity in the characterization of
the bed [11]. The external loop airlift bioreactor can
be superior to the FBD. The most important
advantage of EXL ALFR lies in controlling the
velocity of the circulating liquid in a reactor. A well-
directed pattern can be achieved in EXL ALFR,
resulting in reduced shear stress, which is crucial
for cultivating shear-sensitive organisms. Due to
this advantage, ALFR is widely used in biochemical
processes [12]. Gas-liquid contactors are widely
used for biological reactions involving fermentation
and enzyme catalysis. Turbulent stresses during
synthesis, upstream processing of enzymes, and

researchers have

enzyme activities cause the change in enzyme
structures that results in loss of enzyme activity
[13]. EXL ALFR facilitates well-defined flow
patterns, resulting in a reduction in a considerable
amount of shear stress that is crucial for the
cultivation of shear-sensitive organisms [12]. The
estimation of different hydrodynamic parameters
during gas-solid-liquid flow in an airlift reactor is
one of the major outcomes of past works [14-20].
EXL ALFR finds application in GLS systems
containing solids in downcomer sections. Flexibility
in manipulating GLS mass transfer and maximum
shear are advantages of such systems. An airlift
fluidized bed reactor can manipulate the design
parameters by optimizing the riser to downcomer
ratio and superficial gas velocity reported in earlier
work [21].

Knowledge about hydrodynamics in the airlift
reactor with external loop with a fixed/packed bed
is the key to equipment design and process
optimization. The velocity of circulating liquid is a
critical design factor for airlift reactors [22]. It
governs the design parameters, namely effective
interfacial area for gas-liquid contact, mass
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transfer rate, degree of liquid-phase mixing, and
heat transfer rate at the wall. The gas hold-up (€)
determines the residence time of the bubble in the
liquid phase. The gas-liquid interfacial area, the
efficiency of gas-liquid mass transfer, and the
velocity of circulating liquid in ALFR are governed
by the liquid hold-up. There is a strong relation
between the maximum value of the gas hold-up
that needs to be accommodated and the total
design volume, and hence the bioreactor design
parameters [23]. The coexistence of single-phase
(downcomer) and multiphase makes EXL ALFR-PB
hydrodynamics a little complicated; hence,
treating it as a solitary reactor is a challenging task
[24].

In EXL ALFR, homogeneous and heterogeneous flow
regimes are reported in the literature [25, 26]. The
uniformed sphere-shaped bubbles are formed at a
homogenous flow regime at low superficial gas
velocity. The bubble merging and its breaking in the
reactors become more intense,
distribution of the bubble varies with a superficial
gas velocity. It indicates that the flow pattern has
altered from a similar phase region to a dissimilar
phase regime [27]. Therefore, it is envisaged that
the bubble coalescence and break-up be
considered for realistic hydrodynamic predictions.
The CFD-PBM (computational fluid dynamics-
population balance model) can be employed to
alter the prediction accuracy for the betterment of
accurately predicting the hydrodynamics of the
external loop airlift reactors. In the past, many
researchers have used it with considerable success
[27-30]. A literature survey indicates that work on
a CFD-PBM study in an EXL ALFR with a fixed bed is
a rarity.

The current investigation studied the effect of the
gas flow parameters on the various factors related
to the mass transfer and bubble size distribution
(BSD) of the EXL ALFR and EXL ALFR-PB, which
were quantified and compared. The PIV technique
provided a detailed characterization of the local
and overall hydrodynamics of an EXL ALFR and EXL
ALFR-PB. A three-dimensional approach was
employed to simulate the airlift contactor for the
reactor. The commercial CFD package ANSYS CFX
14, which utilizes the finite element method to solve

and the size

the discretized system of equations representing
the flow, was used. Furthermore, the incorporated

CFD-PBM with bubble coalescing and break-up
models was employed. In the PBM, the bubble
coalescence and break-up models were very
important for realistic predictions of the
hydrodynamic parameters in an airlift reactor with
external loop with a fixed bed. The coupling of the
PBM into a CFD framework enabled a better
understanding of the hydrodynamic behavior of a
gas-liquid flow in a reactor.

1.1. Literature review on multiphase contactors for
wastewater treatment

Multiphase contactors are required in wastewater

treatment, especially Dbiological wastewater
treatment methods. The effluent from industry or
households contains various impurities. These

contaminants can be putrescible and
nonputrescible. The former can be biodegraded,
and the latter cannot. Aerobic and anaerobic
methods of wastewater treatment have different
byproducts. The aerobic bacteria are used to
stabilize organic matter in the aerobic pathway. In
unsaturated sludge, demanding oxygen is used by
microorganisms and converted into settleable
sludge. Carbon dioxide and water are generally
products of aerobic treatment. Different types of
contactors are used for wastewater treatment by
using aerobic methods. The activated sludge
process, biological contactors, stirred tanks,
packed/trickle beds, and fluidized beds can be used
for wastewater treatment. The fluidized beds and
packed beds have different applications in aerobic
In the
activated sludge process, air or oxygen is bubbled
from the bottom. Also, sparged vessels, circulating
packed beds, and stirred tank reactors can be used
for the treatment. The efficiency of the treatment
in biological processes is a strong function of the
sludge age and sludge concentration. In the case of
a stirred tank, its function is affected by the
position of the impellers, baffles, and pore size of
the gas inlets. The size of the packing, recirculation
rate (if any), flowrate, and effluent concentrations
are important factors of a packed bed. The bubble
size has recently been identified as a very
important factor in the contactor. In addition to
these, trickle bed contactors can also be used. The
biological slime plays a very important role in these
trickle beds or biotowers. The reactor or contactor
used in the treatment process depends on the

and anaerobic wastewater treatments.
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nature of the wastewater and its content.
Agricultural wastewater contains nutrients. The
degradation of these nutrients is a very important
aspect of this treatment. Sevugamoorthy and
Rangarajan employed phycoremediation for
agricultural wastewater [31]. They carried out their
investigation with three types of algae. They found
suitable species for the treatment. The other
methods associated with wastewater treatment
are membrane separation, advanced oxidation,
photobiological treatment, and different advanced
treatments, including cavitations and chemical
treatments.

Kus and Madejski used CFD modeling to study the
multiphase flow for a two-phase condenser ejector
system [32]. The local structure of multiphase flow
for various parameters could be studied using CFD.
Complex phenomena influencing the flow could be
analyzed. They used a Splading/evaporation model
for the direct contact condensation of steam [32].
The applicability and reliability of multiphase CFD
studies improved because of sensitivity studies
[33]. Near wall mesh size has a significant effect
multiphase CFD model
condensation. Yang et al. developed a robust CFD
model in their investigation [33].

Conventional wastewater treatment methods are
being modified for better efficiency and cost-
effectiveness. In the current scenario of
industrialization and ever-increasing population,
the reuse of wastewater is becoming a necessary
aspect of the treatment. The removal of pathogens
is very important for making water reusable. The
degradation of phenol by a novel method was
reported by Majhool et al. [34]. In an ozonized
bubble column reactor, they used zinc oxide
nanoparticles. A combination of various treatment
techniques is being explored for the removal of
novel contaminants. Nanotechnology plays a very
important role in these treatments. The
antipathogenic properties of silver nanoparticles
can be utilized for such wastewater treatment
[35]. Combining biological principles with
nanotechnology can handle tricky and emerging
contaminants in wastewater [36]. To minimize the
process energy requirements, investigations are
focused on finding optimum operational conditions
[37]. El Aissaoui El Meliani et al. analyzed the

on the results for

activated  sludge-based such
optimization [37].

Multiphase fluid bed reactors were used for the
Fenton treatment of wastewater by Sharma et al.
[38]. They discussed improvement in the Fenton
process by the application of a fluidized bed.
According to them, fluidization positively impacted
the Fenton process for wastewater treatment. One
major drawback of the Fenton process is the
formation of a large amount of sludge. The
fluidized reactor can be utilized in combination
with the Fenton process to solve this problem. An
investigation on a foam block type of stirring
system in a reactor used for textile wastewater
treatment was carried out by Yang et al. [39]. In
ozone treatment, this type of stirrer increased the
mass transfer coefficient. For this purpose, the
facilitated of gas
hydrodynamics and operating conditions. They
prepared synthetic, simulated textile wastewater
with Acid Red B. This investigation provided the
fundamentals for a foam stirred tank reactor for
wastewater  treatment. Kandasamya  and
Venkatachalam studied a multiphase reactor with
the help of three components [40]. They used
waster and different concentrations of glycerol
along with monoethylene amine (Newtonian),
carboxy methyl cellulose9non (Newtonian), and
different types of particles. They investigated the
voidage effect on various parameters, like size,
shape, flowrate, and other Vviscosity-related
properties.

Hydrodynamic and kinetics studies have been
reported on the bubble and stirred aerated
processes [41,42]. Bubble fluidizations help reduce
temperature gradients and, in view of the strong
exothermic nature of the oxidation, help the
treatment process. The aerobic sludge can be used
to remove nutrients from wastewater. Effective
granulation and removal of nutrients were
attempted by Desireddy and Sabumon [43]. The
contactor used was a sequential batch airlift
reactor that facilitated the effective removal of
nutrients without alkaline conditions and very little
sludge formation. The wastewater from the spent
oil and the water produced from that wastewater
had a high level of hydrocarbon toxicity. Due to
this, the removal of these materials was essential
before disposing of the wastewater. Bacterial lipids

process for

stirrer the customization
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could be produced from this wastewater in airlift
reactors. Silva et al. used two reactors in sequence
for the treatment of the produced water effluent
and lubricant based effluent [44]. Thus, sequential
batch reactors could be used for the valorization of
wastewater contaminants.

1.2. Past work on CFD applications for mutiphase
reactors in wastewater treatment

The equipment used for wastewater treatment can
be continuous stirred tank reactors (CSTR), packed
reactors, bubble reactors, trickle beds, etc. CSTR is
one of the commonly investigated and used
contactor in wastewater treatment. CSTR has
excellent characteristics with respect to mixing,
stability of the system, and adaptability. Pravin
Kumar et al. method for
designing a CSTR [45]. They used a multiphase
CSTR model in their work. They utilized the Navier
Stokes model (Reynold average) for the turbulence.
They considered water as the primary liquid phase
and the sludge as the secondary phase. In their
work, they developed the Eulerian model with the
application of CFD and the approach of particle
distribution. In the proximity of the tank wall, they
observed that it was possible to enhance the
dispersion of the sludge and the reliability with
adaptive refinement of the mesh. The effluent,
microorganisms and their interrelation played an
important role in the mass transfer. Also, the
density of the sludge and rheological properties
played an important role in the wastewater
treatment. The high value of viscosity and sludge
density affected the performance. Basically, the
high sludge density led to the formation of inactive
zones. In this work, the distribution of the sludge
was predicted using Ansys fluent software. In their
investigation, Pravin Kumar et al. held major phase
(liquid) properties constant and only altered the
secondary properties [45]. A more pronounced
distribution of sludge could be obtained by using
thick sludge, but it needed more energy.

CFD was used with the multiphase volume method
for  studying the treatment
accompanying cavitation by Sekar et al. [46]. Their
investigation focused on the formation, growth,
and effect of cavitation. CFD tools were applied for
simulating and analyzing the characteristics of the
reactor with respect to its performance. CFD, thus,
played a very important role in the reactor design

used a numerical

wastewater

and optimization. Understanding the
characteristics and the interplay between various
affecting parameters with the quality factors
enabled the optimization of the treatment process.
Breaking the pollutant structure was an important
aspect of the treatment. This could be achieved by
using the strategy of changing the length of the
throats, thereby increasing removal efficiency. In
this investigation, the numerical method enabled
the estimation of the effect of the divergent angle
in the formation of liquid to water vapor. The
results related to the breakup of the bubble and
coalescence could be better analyzed by using the
discrete particle model methodology. Cavitation
led to a very effective degradation of dyes. The
CSTR is suitable for the treatment of wastewater.
The cavitation reactor is also a very effective option
for removing pollutants
Parameter optimization has made it possible to

from wastewater.

save energy. Parameter optimization by applying
CFD is a boon for scientists in the simulation and
optimization of the conditions for wastewater
treatment. Thus, wastewater treatment is also
being modernized to remove pollutants and make
reusable by using modern simulation
methods encompassing various tools like CFD and
Ansys Fluent.

Hydrodynamic effects were compared for the airlift
reactor by Ni et al. [47]. Diffused aeration was
employed in most of the aerators, resulting in the
energy cost accounting for about 45% to 75%.
Optimizing this energy with diffuser positions and
other parameters led to an energy-efficient
operation. In their investigation, Ni et al. used
single and multi-bubble size models [47]. They
employed CFD with a PBM model to study the
effects of various parameters on the cavitation of
hydrodynamic type, namely the diameter of the
bubble, the distribution of inlet gas, and the rate of
flow of fluid. According to these studies, the
multiple bubble distribution type of model was able
to fit the data. The model results agreed with the
experiment’s results with 5% accuracy. The
sensitivities of the distribution of the bubble size

water

varied according to the flowrates. The identicalness
between the coefficient of lift and the critical
diameter was underlined in the simulation studies.
The application of the multiple bubble model
effectively  predicted the

tower  system
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characteristics. The lesser size of the inlet bubble
and the high velocity of the gas increased the
column circulation and, hence, intensified the
same. At high gas velocities, it was seen that the
bubble size distribution was not sensitive enough.
Elaissaoui investigated the
ozonation contactor for disinfecting wastewater
[48]. For rendering disinfective status to the
wastewater, the inactivation of the coliform is a
very important aspect. These are gram-negative
and non-motile bacteria that are non-spore
forming and are capable of the synthesis of acid
and gases. They used 3D CFD simulation to study
and optimize the parameters for
contactor. The parameters
increasing effectiveness were the flowrate and
ozone concentration. Even distribution of ozone
was important, along with improving the mass
transfer efficiency. The introduction of new
injection points and design optimization was
carried out to enhance the ozone distribution and
mass transfer. They employed the Chick-Watson
model for predicting the disinfection kinetics. More
than 99% and close to 100% disinfection was
achieved after optimization. Thus, the problem of
poor mass transfer and uneven distribution of
ozone was effectively solved. The CFD tool also
played a very important role in this optimization.
Picking the proper model for the reactor system
plays a crucial role in the success of the modeling.
Simulation of the reactor system and its modeling
aspects provide a cost-effective and time- efficient
solution for the treatment of wastewater. This
investigation by Elaissaoui Elmeliani underlined the
role simulation and CFD play in modern wastewater
treatment facilities [48].

The reactions that are difficult thermodynamically
can be facilitated by using plasma catalysis.
Plasma technology is used with CFD application to
carry out reactions and convert the effluent
components into another compound. The CFD tool
plays a very vital role in designing and optimizing
plasma reactors [49]. Various complexities in
turbulence, multiphase flow, and transport
processes are unraveled by using CFD. Various
industrial processes can be reshaped with the
application of plasma hybrid modeling. The
sophisticated and computational
techniques and machine learning methods

Elmeliani et al.

an ozone
considered for

efficient

empower scientists to intensify reaction systems.
Comfort et al. used the mixing model approach
[50]. The CFD results were converted into material
balance equations for the components. They
generated the compartment model and coupled it
into the Monod type model for biokinetics. They
exported the CFD data into a table that contained
cell centered data. In this work, geometric bounds
were determined using the X, Y, and Z minimum
and maximum values. In this work, the
compartment models were prepared for two tank
geometries. These models were used to perform the
dynamic mixing simulations. From the data
obtained from the compartment and CFD model
results, it was concluded that these two models
showed similar results and agreed with each other.
According to this investigation, there was a need to
handle grid resolution with the utmost care as it
could have a significant effect on the results. By
coupling the simple compartment model with the
biokinetic model, a fermentation (240 minutes)
was successfully simulated. The concentration
gradient and its effect on the overall process was
successfully analyzed. The method developed in
this investigation could handle the results of CFD
from different software, mesh, and geometry.
Hydrolysis phenomenon and water distribution in
anaerobic biological treatment could be optimized
using simulation tools [51]. In treating persistent
contaminants, the treatment was hindered by
dead zones and short circuits. The interactions
between the solid and liquid phases could be made
uniform, and water distribution could be improved
by using CFD simulations. Also, for improving the
treatment efficiency, hydrolysis acidification could
be utilized. They obtained a chemical oxygen
demand reduction of 15% to 29% and color removal
of 50% using this treatment method.

Cold plasma activation aided by microbubble was
used successfully for wastewater treatment by Gao
et al. [52]. Cold plasma discharges are capable of
successfully degrading a variety of contaminants.
Microbubbles were formed using the cavitation
technique and incorporating an active plasma
discharge species. Sulfathiazole was a sample
contaminant targeted for removal. For activation
efficiency, the width of the cavitation tube was
detected as an important and most crucial
parameter. According to the results obtained in
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this investigation, a wider inlet could result in a
greater number of bubbles and increased air
volume fraction. The degradation percentage
obtained by linear multiple regression and the
artificial
agreement.

In wastewater treatment, aeration is used to
stabilize organic matter. The aerators used in the
tanks should be capable of diffusing the air
properly. Investigations are reported on the
different layout patterns for aerators and their
effect on the air distribution and quality of mixing
in the tank [53]. In many cases, the aerators have
shown poor performance due to various factors,
including diffusor positioning. Interactions and
mixing of the bubbles and the involved liquid-gas
systems play a vital role in the mass transfer. These
two factors were factored for five diffuser systems
using CFD by SeyedSharifi et al. [53]. They used an
Ansys design modeling pre-processor to show the
geometry of the model. They observed that in the
lateral pattern, there was the development of
spiral flow from the outer to the inner wall. Also,
due to the placement of diffusers in a transverse
fashion and the lack of axial flow producer
propellers, a similar rotational bulk flow could not
form throughout the tank. The pattern of the grid
confirmed the existence of a complex mixing
pattern. It was also observed that there was axial
flow completely in the area that was not aerated.
They assigned weights to three of the most
important criteria: quality of mixing,
bubbles, and distribution of air. In this weightage
system, 0.2 weightage was given to air distribution,
the bubble size was given the highest weightage of
0.5, and mixing quality was 0.3. According to this
study, the lateral, checkered, and line patterns
maintained the velocity well above 0.3 m/s,
whereas other patterns, namely stripe and grid
patterns, dissipated the energy of the flow. The
lateral, checkered, and line patterns could be used
for maximum efficiency. The
indicated that these patterns could effectively be
used for more complicated systems involving
biological reactions and chemical reaction-related
models. The flow fields and the associated
phenomenon could be studied with more accuracy
with the proposed patterns. These positive results
could enable fast and effective decision-making

neural network were in very good

size of

research also

regarding the flow parameters and diffuser
patterns for various applications.

In  their investigation for modeling an
electrocoagulation reactor for fluoride removal
from the wastewater, Jin et al. proposed the use of
three models, namely CFD, growth mechanism,
and light transfer models [54]. The CFD model
enabled the simulation of a gas-liquid flow
multiphase system and the tracking of the
particles, mainly microalgae. The photobioreactor
light intensity was tracked using the light transfer
model. With the help of the light intensity and
position of the particles, the local growth rate was
calculated, and then the integration of these local
rates yielded the total growth rate. The results of
the experiments carried out with a flat plate
photobioreactor and stirred bioreactor
compared with those obtained from the integrated
model. It was found that the results were in good
agreement. The consistency in the simulation data
results and their close

were

and the experimental
agreement with each other indicated that the
integrated model was capable of describing the
kinetics of microalgae under large scale conditions.
The integrated model was a good alternative to the
growth model in the transient
photobioreactor. The stirring was an
important factor; a low stirring rate might result in
the settling of microalgae, and a very high one in a
waste of energy. Also, the resulting high shear may
harm the microalgae.

Teli and Kulkarni used two configurations of
their investigation for better
wastewater treatment [55]. They found the
degradation of pollutants was less at low
superficial velocities. According to the study, the
impeller speed and gas velocity directly affected
the gas hold-up, and hence largely affected the
mass transfer They obtained a
maximum degradation of 80% at the impeller
speed of 170 revolutions per minute (rpm).
Traditional  wastewater systems
involving biomass face the challenge of the
uniform distribution of air, biomass, and other
quality parameters for waste degradation. CFD
estimation of the performance of the reactor is very
important for improving the quality of the
treatment methodology. A novel approach using a
double partition stirred vessel was adopted by

dynamic
rate

impellers in

coefficients.

treatment
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Zhang et al. in their investigation [56]. The
impellers in this research were located in an
eccentric fashion. The sample wastewater used for
the treatment was wastewater from biomass
ethanol production. The RNG turbulent k-epsilon
model was used to simulate the flow of fluid. In
order to maintain the concentration in the vicinity
of the blade, they ensured the circulation of the
fluid by designing a special type of weir crest and
pores that were used for interconnection. Their
investigation revealed that the pattern of flow in
the tank was independent of the Reynolds number.
Sadino-Riquelme et al. classified strategies to
integrate kinetic modeling and fluid dynamics [57].
According to their study, a kinetics coupled CFD
application had a cost disadvantage. The
computational cost was too high in this case, and
it was necessary to simplify the model to reduce it,
which could result in inferior results. Another
approach is CFD uncoupled kinetics, which is a
cost-effective and easy approach but inadequate
for real-time simulations. The latter strategy is
used if the models are based on the compartmental
approach. This leads to indirect coupling of the CFD
to the kinetics. This strategy is a practical solution
for a cost-effective approach for real time
simulation.

Herndndez-Rodriguez investigated the effect of
biogas bubbles on the hydrodynamics in the upflow
sludge (UASB) for
wastewater treatment [58]. In this investigation, a
solar heater was used for temperature control. The
plug flow pattern was predominant in the reactor.
However, after consideration of the bubble
distribution, the plug flow pattern changed into a
completely mixed flow pattern. Sutudehnezhad et
al. carried out studies on the effect of the design of
aerators on the fouling, mixing, and scouring
ability of a membrane in a flat sheet membrane
bioreactor [59]. To improve the economy and
efficiency, they proposed angular nozzles. They
used response surface methodology-based design
of experiments for finding the optimum nozzle
This
angular nozzle exhibited a higher wall shear and
better removal of fouling. Also, the nozzle made a
higher volume fraction of the air possible.

In wastewater treatment, a large amount of sludge
is produced. The disposal of this sludge may pose a

anaerobic flow reactor

diameter and a CFD tool for simulations.

solid waste problem. Burning this sludge and
utilizing the combustion enthalpy can have twin
benefits of sludge reduction and heat utilization.
An investigation was carried out by Dottei et al. on
the combustion of sewage sludge in a fluidized bed
reactor [60]. They employed the Eulerian approach
and a formulated thermal model in their work
related to simulation. They carried out a
methodological comparison of the results in 2D and
3D studies. According to them, a 3D approach was
more expensive and could be used based on the
objective of the study. If a quantitative evaluation
of the flow is required for the entire contactor, then
it is advisable to use the 3D approach. The mixing
behavior of the sludge and the fluidization-related
behavior can be studied using 2D models. 2D
simulation can be considered as a suitable method
for simulations in the case of a preliminary
investigation.

The primary objective of the work is to establish the
ability of an airlift reactor with an external loop as
a gas-liquid-solid contactor without direct contact
of the solids with the gas phase. The bubble
coalescence and break-up models are employed in
the present simulation. The hydrodynamic
parameters for EXL ALFR-PB and EXL ALFR are
compared for the same operating condition. The
CFD model of an airlift reactor with an external
loop with and without a fixed bed is used to
establish the system's behavior by analyzing the
effect of different design variables and the
system's response to the changes in operating
parameters. A CFD model is evolved for designing
and scaling-up an airlift reactor with an external
loop with a fixed bed for immobilized enzymes that
may be sensitive to shear and direct contact with
the gaseous phase.

2. Materials and methods

The experimental work was done in an airlift
reactor with an external loop of acrylic pipes. The
diameter of the riser section was 0.094 m, and that
of the downcomer was 0.039 m. Both were
connected at the top by a crown with a 0.240 m
diameter called a disengagement zone. A baffle
plate of 0.1 m height was placed vertically,
separating the crown into two parts. The liquid
from the riser flowed down past this baffle,
allowing the air bubbles to leave from the top
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instead of getting entrained into the downcomer
section. Both the pipes were joined together at the
bottom by an elbow. A gas sparger with five
openings was placed at the bottom of the riser just
above the height where the downcomer met the
riser. A fixed bed of spherical balls was fixed in the
downcomer section, supported by a mesh. The
diameter of the steel ball was 0.00435m, and the
height of the packed area was 0.10m. The
sphericity of packing material was 0.87. The
voidage of packing was 0.67. The diameter of each
of the five-hole openings in the sparger was 0.0015
m.

Air was forced through the 0.0015m openings of the
sparger by a compressor. Five different gas
flowrates in EXL ALFR and EXL ALFR with a fixed bed
reactor were used. The corresponding superficial
gas velocities were 0.02 m/s, 0.04 m/s, 0.06 m/s,
0.08, and 0.10 m/s. A pressure transducer and
conductivity probes were used to measure the hold-
up of the gas and circulation velocity of the liquid.
The top and bottom riser sections were connected
with probes for pressure and conductivity
measurement (Fig.1). The liquid axial velocities in
the downcomer section at (H = 400 mm) are
measured using PIV (PIV) (Fig. 2). The axial velocity
profiles of the liquid were determined in EXL ALFR
and EXL ALFR with a fixed bed reactor for different
superficial gas velocities and compared with CFD

simulation results. The schematic diagram of the
airlift reactor with an external loop with a fixed bed
is shown in Fig. 1. Fig. 2 depicts PIV in an airlift
reactor with external loop with a fixed bed.
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3. Parameters Estimated

An experimental investigation was carried out to
study the effect of various parameters related to
hydrodynamics that have an effect on the mass
transfer. The gas volume inside the reactor, along
with the velocity of the fluids, had a significant
effect on the performance.

3.1 Gas hold-up (eg)

The gas hold-up is obtained using the condition of
homogenous and heterogeneous flow regimes; for
heterogeneous flow regimes, the liquid exhibits
higher turbulence levels. In such a case, an average
pressure fluctuation value is considered for each
operating condition. The gas hold-up in the riser
was obtained using the following equation reported
in the literature [61]:

6 =[1- (1)
where AP is the dynamic pressure drop at Us > O,
measured by a pressure sensor located in the riser
section, as shown in Fig. 1. APo is the measured
liquid hydrostatic head at Ug = 0. The pressure drop
was determined by the pressure sensors placed in
the riser at a 1 m distance and adjusted to 0-30 psi.
The pressure data sampling frequency was 60 Hz.

3.2. Velocity of circulating liquid (UL)

The riser section's liquid linear velocity (v;) was
estimated using a tracer dose method [62, 63]. Two
conductivity probes were employed for monitoring
the conductivity. Two probes were at 3 from each
other and placed in plastic tubing. They were joined
to the computer via an interface circuit (Fig. 1). The
conductivity meter at 10 Hz frequency was used
and consisted of an analogy-to-digital/digital-to-
analogy converter (ADC/DAC). The conductivity
ranges of 0 t0 2.0 mS and 0 to 20 mS were used. The
conductivity probes had a maximum response time
of one second. 2 ml potassium chloride solution was
forced into the riser as a pulse input. The liquid
linear velocity was affected by the distance
between the probes and the time gap between the
conductivity peaks. The liquid linear velocity in the
riser was determined by Eq. 2.

Ve = (2)

where d.is the vertical distance between the probes
and t; is the time interval between the conductivity
peaks.

The velocity of circulating liquid in the riser (U.)
was determined from Eq. 3.

Uy = (1 —€g)v, (3)

Similarly, the velocity of circulating liquid in the
downcomer was measured using the continuity
equation.

Ua === (4)

The riser and downcomer diameter were 0.094 m
and 0.039 m, respectively. The velocity of
circulating liquid increased in the downcomer
compared to the riser section in EXL ALFR.

3.3. Particle Image Velocimetry

PIV is a very sophisticated non-intrusive flow
visualization method. Hollow glass silver-coated
particles (12 pm, 1.03 g/cc) are put into the flow to
mimic the flow to follow the behavior and reflect
the laser. A laser Nd: YAG LASER (A=532 nm) was
used. When a laser is fired, an optical slit converts
the beam into a laser sheet. The laser sheet
illuminates the seeding glass particles. A
synchronizer synchronizes the camera sensor to
simultaneously expose the sensor and capture the
image when a laser is fired through it. The camera
details are as follows: Nikkor 135 mm, /1.8 lens, TSI
Power View 4M Plus Sensor, and At = 200 ps.

Insight 4G application was utilized for image
processing to determine the local velocities in the
interrogation region. A schematic of PIV is shown in
Fig. 2. The liquid axial velocity was measured in the
downcomer section below H = 400 mm from the
gas-liquid separator. The shape of the downcomer
section was a circular pipe distortion of images
caused by the column curvature. The downcomer
pipe over a rectangular box avoided the curvature
effect. The rectangular box had a square cross-
section (WxD) of 0.050 x 0.050 m? and a height (L)
of 0.15 m. The gap between the downcomer pipe
and the rectangular box was filled with water. The
value of the refractive index of water and acrylic
pipe was 1.33 and 1.495. Sodium iodide was used to
adjust the refractive index of water. The liquid axial
velocity was measured in EXL ALFR and EXL ALFR-
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PB for superficial gas velocity ranging from 0.02
m/s to 0.10 m/s.

3.4. Bubble Size Distribution (BSD)

In the photographic method, the photos were
taken with a high-definition camera
(CANONT1100D) in a single plane. A rectangular
vessel was used to avoid optical reflections from
the wall of the riser section. The bubble sizes were
computed in a single rectangular plane for a height
to diameter ratio ranging from 8.5 to 8.96 in the
EXL ALFR and EXL ALFR with a fixed bed. A web plot
digitizer was used for the bubble size. For a given
hydrodynamic condition, 30 to 50 bubbles were
selected, and their diameters were estimated.

4. Mathematical modeling

CFD provides detailed flow patterns in the EXL ALFR
and EXL ALFR-PB, which helps understand the
mixing patterns and configuration optimization.
Previous CFD studies on EXL ALFRs were mainly
applied to investigate the flow pattern, mixing
time, gas hold-up, and axial dispersion coefficient
[12] for the local hydrodynamics in their risers [64].
Momentum transfer in two-phase flow has been
explained by Sato et al. [65]. In the present
investigation, the CFD simulation of EXL ALFR and
EXL ALFR-PB was carried out using a standard k-¢
model.
different Vs using the finite element approach.
Multiphase modeling was carried out using the
Eulerian approach. The set of equations for
multiphase systems has been given in earlier
literature (11, 66-78).

The simulations were carried out at

5. Population balance model

The type of flow in an airlift reactor with external
loop with a fixed bed is a polydisperse multiphase
flow. A population balance equation must be
formulated to deal with this flow type. The MUSIG
(Multiple Size Group) models have been developed
to handle polydispersed multiphase flows. The
number density of particles of mass m s
represented by n(v,t).

2 (U(m,t) n(m,t)) = Bg — Dg + B¢ + D (5)

a
an(m,t) +od

The birth, death, and coalescence rates are

represented by Bg, DB, D, and D¢, respectively.

The multiple size group models are discretized in

Eq. (5) into size groups or bins. Eq. (5) is discretized

into seven size groups in this study.

9(piry) , @

% +oiWUipiri) =5 (6)
ri _ niVi

The volume fraction,f;=—+=—"=
€G €G

where r; is

equivalent radius, € is the gas hold up, n; is the
number density of size group i and Vi is the volume
of bubble group i.

Eq. (6) may also be written as:

P P
p (pi ¢ fi) + E(Ui picc i) =5 (7)

The MUSIG model is used for
fraction equation.

writing the size

P P)
o (pa € fi) + E(pd e Ugf) =5 (8)

5.1 Bubble Break-up Model (Luo and Svendsen
Model)

The model developed by Luo and Svendsen is based
on isotropic turbulence and probability theory and
contains no unknown or adjustable parameters.
Break-up kernels are often expressed as a function
of the break-up fraction:

3 3
fo=m_4% _ 9 (9)
BV Ty T a3 T 4t

where dj and d; are the diameters of the daughter
bubbles in the binary breakage of a parent bubble
with diameter d. The value interval of the breakage
volume fraction is between 0 and 1.

1/3 4 +5)?2
g(mifeym; 1=0.923Fs(1-co) () [ wwe™de  (10)

where

12(f]23/v3+(1—fBV)2/3—1)0
X = 5/3
BPLEZ/3di £11/3

(1)

where ¢ is the dimensionless size of its eddies in the
inertial subrange of isotropic turbulence. The lower
limit of the integration is given by:

ERmin
Cmin = — 23 (12)
where
1/4
n=(vi) (13)

where ER, is the minimum eddy ratio with the
values between 11.4 and 31.4 (defaults to 11.4). In
addition, Fgis a calibration coefficient, B =
2.047, eis the continuous-phase eddy dissipation
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rate, v.is the continuous-phase kinematic
viscosity, and ogis the surface tension coefficient
(0.923 and 2.0 from literature) [79]. The
contribution of the birth rate due to the break-up
of larger particles and the death rate due to
breaking up into smaller particles to the source
term is given in the above equations. The difference
between birth rate and the death rate has become

zero for the overall size groups given by Eq. (14).
2i(Bgi — Dgjy =0 (14)

5.2 Bubble Coalescence Model (Prince and Blanch
Model)

According to the model developed by Prince and
Blanch, the coalescences of a pair of bubbles is a
three-step process. First, the bubble strikes the
liquid between them, then the liquid film drains
until the film reaches a critical thickness. Lastly,
the film ruptures and bubbles merge.

The coalescence kernel is thus governed by the
collision rate of two bubbles and a collision
efficiency relating to the time required for
coalescence:

Q(m;; my) = (6F + 67 + 6y (15)
The collision efficiency is modeled by comparing

the time required for coalescence t;; with the actual
contact time during the collision Tj; :

gy = e~/ (16)
1/2
_ (P ho
b= () m() 7)
ri2j/3
Tij = ng (18)

where h, is the initial film thickness, hfis the

critical film thickness when rupture occurs,
and rj; is the equivalent radius:

ryj = (% (rl + %j))_l (19)

The turbulent contributions to collision frequency
are modeled as:

1/2
8 = FerSy(uf +uf) (20)

where the cross-sectional area of the colliding
particles is defined by:

Sy =2(di +d)° (21)

The turbulent velocity is given by:

uy = v2e'3d}”? (22)

and Fcr is a calibration factor. The buoyancy
contribution to collision frequency is modeled as:

07 = FepSij| Uy — Ui (23)

where

U, = \/“‘“’ +0.505gd, (24)
pL dj

and Fcgis a calibration factor. The shear
contribution to collision frequency is currently

neglected.
2i(Bci = D) =0 (25)

By definition of interfacial area aij for the gas-
liquid flow through the riser section in an airlift
reactor with external loop with fixed bed can be
determined through the relationship

ay = =¢ (26)

where dS is the Sauter mean bubble diameter. The
local Sauter mean bubble diameter is obtained
from
1

d = —= 27

TLI (27)
The interfacial area aij and the Sauter mean bubble
diameter in Eq. 27 are important parameters that
link the interaction between the liquid and gas
phases.

6. Numerical implementation

The simulations were carried out as a steady-state
flow pattern in EXL ALFR and EXL ALFR-PB using
commercial ANSYS CFX 14.0. For
degassing, the boundary condition was employed
for the outlet. The top surface of the reactors was
made in such a way that only gas was allowed to
escape the reactor. A no-slip boundary condition
appeared at the reactor wall. The initial liquid was
stagnant, and a volume fraction of air was zero in
the computational domain. The air volume fraction
at the boundary was unity at the
computational domain, while the inlet gas
velocities were set to be 3.9, 7.8, 11.78, 15.70, and
19.63 m/s. The convergence criteria for all transport
equations were set as 1x10-4. The Reynolds stress
model was employed in the present simulation. A
summary of previous work on CFD-PBM in a gas-

software

inlet
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liquid flow in a bubble column and airlift reactor  independence and bin sensitivity studies to reduce
with external loop is given in Table 1. Several @ computation costs and times.
simulations were carried out for the grid

Table 1. Summary of previous work on the simulation of gas-liquid flow in a reactor implementing a population balance
model
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6.1 Bin Sensitivity study

The PBM indicates that the bubble size ranges from
1to 15 mm in diameter. For the present work, a bin
sensitivity study was carried out. The bubbles were
equally divided into 5, 7, and 10 size groups. In this
case, the equal diameter discretization was
adopted. The diameter represented by groupiis
calculated from:

d =d;, + Ad (i -2 (28)

where d,;, is the minimum bubble diameter, and

Ad — dmax— Amin
N

(29)

where d, .« is the maximum bubble diameter and
Nis the number of groups. The computational
results were all based on the discretization of the 7
bubble size groups. The Multiple Size Group
(MUSIG) model was employed with discrete bubble
sizes arranged in the disperse phase. Each bubble

was tracked by solving an additional seven
transport equations. The following (Eq. 30) size of
the bubbles was generated at the sparger reported
in the literature [80]. The sparger had five

openings; each hole became 3 mm in diameter.

1/3
_ 60 ds

dy = (g (Pl_Pg))

The calculated diameter of dp = 5.1 mm was thus

the size fraction of the 3™ bubble group with a

diameter of 4.28 to 6.42 mm set to be unity for the
inlet condition.

(30)

6.2 Computational Grid

The geometrical dimensions of EXL ALFR and EXL
ALFR-PB were explained in the previous section. The
MATLAB code was written for the insertion of the
packing in the downcomer. The code was read in
GAMBIT workbench Ansys 14. The insertion of the
packing in the downcomer is shown in Fig. 3. The
property of packing was discussed in Section 3. The
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CFD geometry view of the airlift reactor with
external loop with and without packing is shown in
Fig. 3. The three grid sizes were (Grid-1) 2.8 million,
(Grid-2) 3.15 million, and (Grid-3) 2.1 million.

RLLE Lttt
1 1

(a) (b)

Fig. 3. Geometrical view of airlift reactor with external
loop and airlift reactor with external loop with a fixed
bed.

The liquid axial velocity was determined in a
downcomer at height H = 400 mm for a superficial
gas velocity of 0.04 m/s for the different grid sizes.
From experimental and CFD simulations, the liquid
axial velocity was determined for different grid
sizes. The liquid from the
experimental PIV was investigated. Fig. 4 shows
that grid size 2.8 million and 3.15 million showed
closer results of experimental liquid axial velocity.

From the CFD simulation, in comparison with
different grids, Fig. 4 depicts that grid sizes 2.8
million and 3.15 million showed similar results of
liquid axial velocity. Hence, 2.8 million grids were
adapted for further simulations.

The present work continues the grid size of 2.8
million for further simulations. The liquid axial
velocity from the experiment was obtained from a
PIV instrument converted into a contour plot. It
seemed to be CFD post-processing results. The
MATLAB code was written to convert PIV liquid axial
velocity results into contour plots in color images,
as shown in Fig. 5. For the predicted and
experimental sample contours of

axial velocity

liquid axial

velocity in the downcomer in EXL ALFR-PB for
superficial gas velocity, 0.04 m/s is shown in Fig. 5.
It can be seen in Fig. 5 that the experimental and
CFD contour of liquid axial velocity was nearly the
same. The liquid axial velocity was more at the
centre of the downcomer and less near the wall of
the downcomer, as observed in Fig. 5.
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Fig. 4. Experimental and simulation result of liquid axial
velocity in downcomer for superficial gas velocity 0.04
m/s for different grid sizes.
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Fig. 5. Contours of axial liquid velocity in downcomer in EXL
ALFR-PB for superficial gas velocity 0.04 m/s (a) Predicted
(b) Experimental.

7. Results and discussion

The experiment was conducted for EXL ALFR and
EXL ALFR-PB over a wide range of superficial gas
velocities. The CFD simulations were carried out
using the RSM-PBM model with BSD for a range of
superficial gas velocities (0.02 m/s to 0.10 m/s) to
compare with the experiment for the external loop
airlift and external loop airlift with fixed bed
reactor (EXL ALFR-PB). The hydrodynamic data in
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the reactors were obtained using an air/water
system. The hydrodynamic parameters of the
overall gas hold-up, velocity of circulating liquid,
Saunter mean bubble diameter, and liquid axial
velocity in the downcomer (H=400 mm) pressure
drop across the fixed bed were estimated. The
radial profile of liquid axial velocity at a location in
the downcomer (H=400 mm) was measured for a
superficial gas velocity of 0.02 to 0.10 m/s. The
liquid axial velocity in EXL ALFR and EXL ALFR-PB
was compared for the same superficial gas
velocity. The experimental from the PIV radial
profile of liquid axial velocity was compared with
the predicted from the population balance model.

7.1 Gas hold-up (€;)

Studies on this aspect are reported in the literature
[65,90]. The parameters Co and C; are the drift-flux
constants found in EXL ALFR and EXL ALFR-PB
compared to the literature reported values. For the
present study, the drift-flux constants were
determined for EXL ALFR and EXL ALFR-PB, and the
slip velocity vs. total
studied.

gas-liquid velocity was

* LHS = &,

€G

RHS = CO(UG + UL) + Cl; (31)

The material balance was done for EXL ALFR and
EXL ALFR-PB, as shown in Table 2. The overall gas
hold-up with the UG in EXL ALFR and EXL ALFR-PB
is shown in Fig. 6. This unfolds three different flow
regimes: (i) a homogeneous bubbly flow. The hold-
up increased continuously; the bubbles rose
individualistically without merging when gas
velocity increased in homogeneous bubbly flow.
This existed over the approximate
superficial gas velocity range U > 0.01 m/s; (ii) a
transition flow regime existed over the gas velocity
range where the bubbly flow developed into a
heterogeneous flow. It can be seen from Fig. 6 that
the slope of the line changed after a superficial gas
velocity of 0.05 m/s. The slip velocity from the
experimental data was plotted against the total
gas-liquid velocity. The Zuber and Findlay's drift
flux plot was not linear; it was a changing slope at
total gas-liquid velocity (Us + Uic) = 0.42 m/s; and
(iii) the fully developed heterogeneous flow (Ug >
0.05 m/s) is shown in Fig. 6. When the coalescence
was well authorized, the hold-up again increased
strongly According to the drift flux model, gas

regime

flowrate increased because of the evolution of
large ‘spherical cap' bubbles.
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Fig. 6. Comparison of experimental gas hold-up vs.
superficial gas velocity for EXL ALFR and EXL ALFR-PB.

With the implementation of the CFD-PBM model,
air volume fraction contours were observed for
both reactor cases, as shown in Figs. 7 and 8. A
higher air volume fraction was observed in EXL
ALFR-PB than in EXL ALFR for the same operating
condition: Us at 0.02 to 0.10 m/s. The velocity of
circulating liquid in EXL ALFR-PB was less than EXL
ALFR for the same operating condition. The
packing was fixed in the downcomer section. The
voidage of packing was 0.67, and the packing
height was 0.1 m.

The particle diameter was 0.0043 m, and the
sphericity was 0.87. The experiment was performed
in semi-batch mode. The water was already filled
in a reactor the gas passed at the bottom sparger.
When gas was sparged in the riser section, slip
velocity between the gas and liquid existed. The
velocity of the circulating liquid was less in the EXL
ALFR-PB due to the packing, causing resistance to
the water flow in the downcomer section. The
packing resistance depended on the void fraction
and sphericity of the packings. The bubble rise
velocity was also less in the riser section for the
same operating condition. Thus, the gas hold in EXL
ALFR-PB increased with superficial gas velocity, as
shown in the Fig. 8 contours from the CFD
simulation. The experimentally determined gas
hold-up and CFD prediction of gas hold for both
reactor cases were in good agreement, as shown in
Fig. 13.
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Table 2. Material balance for EXL ALFR and EXL ALFR-PB.

Material balance*

(a) Ug = 0.02 m/s (b) Us = 0.04 m/s (c) Ug = 0.06 m's (d) Ue = 0.08 m/s () Ug = 0.10 m/s

Fig. 7. Air volume fraction contours in EXL ALFR for superficial gas velocity.
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Fig. 8. Air volume fraction contours in EXL ALFR-PB for superficial gas velocity.

Reactors Sup.erficial gas Supc.erficial liquid Gas hold Ug Us + LHS RHS
velocity (Us) m/s velocity (UL) m/s up (€g) €g UL
0.01 0.15 0.15 0.067 | 0.16 0.067 0.073
0.02 0.20 0.21 0.095 | 0.22 0.095 0.089
0.03 0.25 0.25 0.12 | 0.28 0.120 0.105
0.04 0.32 0.28 0.143 | 0.36 0.143 0.126
External loop airlift 0.05 0.37 0.31 0.161 | 0.42 0.161 0.142
reactor 0.06 0.48 0.33 0.182 | 0.54 0.182 0.173
0.07 0.59 0.35 0.200 | 0.66 0.200 0.205
0.08 0.68 0.36 0.222 | 0.76 0.222 0.232
0.09 0.75 0.37 0.243 | 0.84 0.243 0.253
0.10 0.80 0.38 0.263 | 0.9 0.263 0.269
0.01 0.08 0.19 0.053 | 0.09 0.053 0.065
0.02 0.12 0.26 0.077 | 0.14 0.077 0.081
0.03 0.15 0.32 0.094 | 0.18 0.094 0.094
. . 0.04 0.16 0.38 0.105 | 0.20 0.105 0.10
ext:':c']fl"k::f:‘v‘i’t'h":t:xe g 0.05 0.19 041 | 0122|024 0122 | 0113
bed 0.06 0.24 0.43 0.14 | 0.30 0.140 0.132
0.07 0.29 0.45 0.156 | 0.36 0.156 0.151
0.08 0.34 0.47 0.17 | 0.42 0.170 0.170
0.09 0.38 0.49 0.184 | 0.47 0.184 0.186
0.10 0.42 0.52 0.192 | 0.52 0.192 0.202
air.Volume Fraction l
Contour 1
. 0.990
0.497 l’ l
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7.2. Velocity of circulating liquid (Uy)

The gas was introduced in the riser section through
the sparger. The air bubble spontaneously moved
upward at a certain rise velocity of air bubbles.
According to Stokes law, the rise velocity of air
bubbles depends on bubble size, viscosity, and
density difference between the working fluid and
air. The liquid circulation pattern is quickly
established due to air bubbles in the riser section,
and the fluid density becomes less than the
downcomer section fluid. The velocity of circulating
liquid is one of the most significant parameters for
airlift reactors' proper design and operation. The
effect of the superficial gas velocity (Us) on the
velocity of circulating liquid for EXL ALFR and EXL
ALFR-PB is shown in Fig. 9. The velocity of the
circulating liquid was a characteristic parameter of
the EXL ALFR. The velocity of the circulating liquid
dictated the efficient performance of EXL ALFR. It
was observed that the velocity of the circulating
liquid was strongly dependent on the superficial
gas velocity. The reduced density in the riser section
rapidly pulled the liquid from the downcomer, and
the liquid circulations were established.

1
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Fig. 9. Experimental velocity of circulating liquid vs.
superficial gas velocity for EXL ALFR and EXL ALFR-PB.

The riser section is just like a conventional bubble
column, an initial homogeneous bubbly flow
pattern with uniform hold-up distribution in the
domain at lower gas superficial velocities transits
into the transition regime. The bubbles coalesce to
form bigger bubbles, which travel at faster
velocities. Also, coalescence causes a reduction in

an interfacial area, which in turn reduces the
exchange of momentum between the phases. As
shown in Fig. 6, the value of average gas hold-up
was a linear change with superficial gas velocities
from 0.01-0.04m/s. Hence, the velocity of the
circulating liquid increased less rapidly in the
transition regime. The heterogeneous regime was
established after sufficiently higher superficial gas
velocity, giving a hold-up distribution across the
flow domain.
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Fig. 10. Water velocity vector in EXL ALFR-PB for
superficial gas velocity.

It can be seen in Fig. 6 and Fig. 9 that the gas hold-
up and the velocity of circulating liquid increased
at more stable rates after a superficial gas velocity
of 0.06 m/s. The CFD simulation compared the
water velocity vectors for Us from 0.02 to 0.10 m/s
in EXL ALFR and EXL ALFR-PB, as shown in Figs. 10
and Fig.11. Thus, water velocity in the downcomer
leg of EXL ALFR was higher than the EXL ALFR-PB in
the same operating condition.
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Fig. 11. Water velocity vector in EXL ALFR for superficial
gas velocity.
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(a) Ug = 0.02 m/s (b) Us = 0.04 ms (c) U = 0.06 m/s (d) Uc = 0.08 m/s (¢) U =0.10 m/s

Fig. 12. Effect of superficial gas velocity on water
circulation velocity contours in EXL ALFR-PB.

The flow in the downcomer section was significant
for the proposed applications of EXL ALFR-PB. The
velocity contours through the packed section for
different gas superficial velocities are shown in Fig.
12. The liquid velocity contours indicated that in the
packed section, as superficial gas
increased, liquid circulation increased; the local
velocities in a packed section were more than two
times the circulation velocities of liquid. Thereby,
the intimate contacting of solid catalysts occurred
with the liquid phase at higher velocities, which
helped to increase the rate of reaction. The
experimentally determined gas hold-up and
velocity of circulating liquid in the riser section and
CFD prediction for both reactor cases were in good
agreement, as shown in Fig.13. The percentage
error between the experimental and predicted
results of the gas hold-up and the velocity of
circulating liquid in EXL ALFR and EXL ALFR-PB was
determined. The minimum percentage of errors
were respectively 2.3% and 1.2%, and a maximum
of 4.2% and 3.4% were determined for the
experimental and predicted values of the gas hold-
up in EXL ALFR and EXL ALFR-PB. The velocity of the
circulating liquid for the predicted and
experimental values of their minimum percentage
error were respectively 1.1% and 0.5% and a
maximum of 4.3% and 4.5% in EXL ALFR and EXL
ALFR-PB.

velocity

7.3. Bubble Size Distribution (dp)

Experiments were performed on a 1.35 m long
vertical tube riser with a riser diameter of 0.094 m
and a downcomer diameter of 0.039 m. The flow
conditions were Ug = 0.02 to 0.10 m/s, and the gas

volume fraction at the inlet was 12.1%. The

Sh. Teli et al. / Advances in Environmental Technology 10(3) 2024, 237-269.

simulations were performed in EXL ALFR and EXL
ALFR-PB with a validated developed CFD model. Bin
sensitivity analysis was done to predict BSD
accurately. Bin 7 was continued for further
simulation; the reason was explained in section
5.5.1. The size fraction of the 3" bubble group with
a diameter of 4.28 to 6.42 mm was set to be unity
for the inlet condition. From the CFD simulation,
the air mean bubble diameter was obtained for
superficial gas velocity in EXL ALFR and EXL ALFR-
PB, as shown in Fig. 14. The air mean bubble
diameter difference was observed in both reactors
for the same operating condition.
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Fig. 13. Comparison of experimental and CFD prediction
of gas hold-up and velocity of circulating liquid in riser
section for EXL ALFR and EXL ALFR-PB.
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The air mean BSD on an overall domain for different
superficial gas velocities was observed from the
simulation. In EXL ALFR, the near entry of sparger
0.0024 m sizes of bubbles was determined from the
correlation for the superficial gas velocity from 0.02
to 0.10 m/s. The initial superficial gas velocity of
0.02 m/s for the large sizes of the bubbles was
predicted from CFD simulation and experimental
due to the coalescence of the bubbles. From Fig.
15a-e, bubble sizes above 0.0012 m were observed;
bubbles having a lesser diameter than 0.0012 broke
down to a smaller size. In Fig 15a-e, it can be

256

observed that the homogeneous MUSIG model
yielded significant BSDs for small and large bubble
diameters in the EXL ALFR domain, indicating the
presence of bubble break-up and coalescence. For
the range of air mean bubble diameter (0.00214
m), the maximum percentage of bubbles was
observed in the EXL ALFR domain for the superficial
gas velocity from 0.02 to 0.10 m/s (Fig. 15a-e). The
bubble coalescence dominated for the higher
superficial gas velocity at 0.10 m/s, as shown in
Fig.15e.
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In EXL ALFR-PB, the gas hold-up was higher, and
the velocity of circulating liquid was less for the
same operating condition. Due to the lower velocity
of the circulating liquid, the bubble residence time
in the riser was higher. The bubbles spent more
time in the riser section, so the overall gas hold-up
increased. For the air mean bubble diameter from
0.001 to 0.00214m, an average of 50% was
observed, and 5% to 10% of air mean BSD from
0.00428 to 0.01071m was also observed (Fig.16a-e).
Large bubbles were generated in EXL ALFR-PB
compared to EXL ALFR due to coalescence. The
coalescence dominated in EXL ALFR-PB compared
to EXL ALFR for the same operating condition. Due
to the rise velocity of the bubbles being less in EXL
ALFR-PB, the bubbles came closer to form big size
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bubbles. The liquid turbulence in EXL ALFR was
higher than in EXL ALFR-PB for the same operating
condition.

Fig.16b-e presents the bubble breakup and
coalescence effect. Coalescence was dominating
for the initial superficial gas velocity (Us = 0.02
m/s), and for a superficial gas velocity from 0.04 to
0.10 m/s, we cannot predict. So, break up and
coalescence are both present. The experimental
BSD and prediction for CFD simulation had a good
agreement, as shown in Fig. 15a-e and Fig. 16a-e.
In Fig. 17, it can be observed that the model
overestimated the bubble size near the sparger. The
coalescence was the dominant phenomenon, only
nearer the top region of the riser section.
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Fig. 16. Continued

Fig.17a-e shows that the bubble coalescence rate
also increased with an increase in superficial gas
velocity from 0.02 to 0.10 m/s. It was also observed
that the local air mean bubble size in the central
region was more significant than in the wall region
in the riser section. Except near the wall region, the
BSD was almost a constant cross-sectional area.
For the BSD, in comparison with both reactors for
the same operating condition, the average BSD was
less (0.0012 to 0.006 m) in EXL ALFR compared to
EXL ALFR-PB (0.0012 to 0.012 m), as shown in Figs.
15 and 16. The velocity of the circulating liquid was
less due to the coalescing phenomenon occurring.
The average bubble size generated in EXL ALFR was
less than EXL ALFR-PB. The bubble coalescing
phenomenon was observed at the top of the
reactor from CFD simulation contours, as shown in
Fig. 17. Small size bubbles were observed in the
nearer sparger location, and big size bubbles were
at the top.
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Fig. 17. Air mean bubble diameter in riser section EXL
ALFR with fixed bed with different superficial gas
velocity.

7.4 Liquid axial velocity in EXL ALFR and EXL ALFR
with a fixed bed

PIV was used to measure the liquid axial velocities
in the downcomer sections (H= 400 mm) for
superficial gas velocity from 0.02 to 0.10 m/s, as
shown in Fig. 2. PBM with RSM was used in the
simulation and compared with the experimental
and predicted results of liquid axial velocity. The
sample contours of the axial liquid velocity in the
downcomer in EXL ALFR-PB for a superficial gas
velocity of 0.04 m/s for the predicted and
experimental is shown in Fig. 5. The liquid axial
velocity was measured and compared with both
reactors at a superficial gas velocity from 0.02 to
0.10 m/s, as shown in Figs.18 and 19. The liquid axial
velocity decreased in EXL ALFR-PB compared to EXL
ALFR for the same operating condition. In the
previous section, it can be seen from Fig. 9 that
liquid circulation velocities decreased in EXL ALFR-
PB compared to EXL ALFR due to internal packing.
The velocity of the circulating liquid and axial
velocity depended upon a void fraction of packing
in the downcomer. Figs. 18 and 19 show the
comparison of experimental and predicted axial
liquid velocity for the RSM turbulent model with
PBM. The RSM model with PBM better predicted the
liquid axial velocity with the experimental results.
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Fig. 19. Continued

7.5. Overall pressure drops (AP) and pressure drops
across the bed (APg)

The pressure drop increased proportionally to the
frictional shear forces within the EXL ALFR-PB.
Pressure drop is an essential factor that influences
the design and operation of EXL ALFR-PB. The
effect of the superficial gas velocity (Us) on
pressure drop is shown in Fig. 20. The following
Ergun equation determines the pressure drop
across the fixed bed in the downcomer section in
EXL ALFR.

__150p(1-€)? V5L
= —
€ Dp

1.75 (1-€)pVZ L
2
€ Dp

AP (32)

Covering a wide range of particle sizes and shapes
presents a general equation to determine the
pressure drop across a fixed bed for all flow
conditions (laminar to turbulent) using a broad set
of experimental data. The Ergun equation is
commonly used for flow through a randomly fixed
bed of spheres. The pressure drop is linearly related
to superficial liquid velocity for the laminar flow
regime. For turbulent flow regimes, pressure drop
increases with the square of the superficial liquid
velocity and linearly depends on fluid density. It can
be seen from Fig. 20 that the predicted pressure

(e)

drop across the fixed bed was in good agreement
with the Ergun equation prediction. The overall
pressure drop and pressure drop across the fixed
bed depended on the flow resistance. The locadl
liquid axial velocity and velocity for
difference superficial gas velocity were affected
due to internal packing, as shown in Fig. 12. The
pressure drop across the bed was significantly more
significant than the overall pressure in the reactor,
and the resistance offered to the flow presence of
packing. The present work voidage of packing was
0.67. The pressure drop across the bed depended on
the voidage of packing. As it increased, the voidage
of packing, velocity of circulating liquid, and axial
velocity within the packing were also affected.
Immobilized enzymes might be sensitive to shear
stress. It can be seen from Fig. 21 that the share
stress between the packing and liquid also
increased with superficial gas velocity.

radial

7.6. Turbulent Shear Stress (1)

Airlift reactors are frequently used in biochemical
engineering due to their simple construction and
less shear stress imposed on the cells than the
mechanically stirred tanks. The undesirable
effects, like activity and structure degradation,


https://en.wikipedia.org/wiki/Shear_force
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take place due to turbulent shear stresses. The
proteins may deactivate due to shear stress; also,
for the proteins deceiving at gas-liquid interface,
the deactivation is enhanced by the presence of
turbulent shear stress [91]. Turbulent shear stress
was calculated from Eq. 33 for the present work.
du

T =g (33)
where 1 and du/dy are the eddy viscosity and shear
strain. Both these parameters are calculated from
the CFD simulation for different superficial gas
velocities. In the downcomer region in EXL ALFR-
PB, maximum ts could be observed due to a fixed
bed. It is indicated from Fig. 21 that 1 increased
with an increase in Us (1s x Ug%72). The maximum
value of s was around 4 Pa in the downcomer. With
increased superficial gas velocity in the riser
section, the velocity of circulating liquid was also
grown in the fixed bed of the downcomer. The s in
the fixed bed of the downcomer was a function of
the velocity of the circulating liquid. Conventional
reactors (bubble columns, fluidized beds, and fixed
bed reactors) have both gas-liquid-solid contacts
in the reactor. The literature [91] has reported that
gas bubbles in the system increase the interfacial
force of the gas-liquid. This effect can be
significantly enhanced under conditions where a
gas-liquid interface occurs along with agitation.
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Fig. 21. CFD simulation shear stress vs. superficial gas
velocity in EXL-ALFR-PB.

The shear stress depends on shear velocity with
direct proportionality in a fixed bed in EXL ALFR.
With the help of this argument, it was clear that
the designed EXL ALFR-PB could be operated with
the maximum limit of <.

The designed EXL ALFR-PB was suitable for a shear
sensitive organism. The stress
significantly less compared to conventional
equipment. The advantage of this reactor was that
gas does not contact immobilized enzymes in the
downcomer. Thus, lower shear stress governed less
energy input in EXL ALFR-PB and was beneficial for
the cultivation of stress-sensitive organisms. Fig. 21
demonstrates a shear stress level as a function of
Ug in EXL ALFR-PB.

shear was

8. Conclusion

In this study, CFD was successfully used to
understand the hydrodynamics of an EXL ALFR
equipped with a fixed bed in the downcomer. The
hydrodynamic parameters were compared with
EXL ALFR. The experimental gas hold-up and liquid
circulation velocities were in good agreement with
the CFD simulation results. It was observed that the
velocity of the circulating liquid was less in EXL
ALFR-PB than in EXL ALFR for the same operating
condition. The velocity of the circulating liquid
increased proportionally with the superficial gas
velocity in both reactors. In EXL ALFR-PB, the gas
hold-up was more significant than in EXL ALFR for
operating bubble
residence time was lower due to the lower water
velocity in EXL ALFR-PB. The
experimental PIV data were collected for five

the same condition. The

circulation
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different superficial gas velocities in both reactors.
It was observed that the liquid axial velocity was
less in EXL ALFR-PB than in EXL ALFR for the same
operating condition. The designed EXL ALFR-PB
was more advantageous for cultivating shear-
sensitive organisms since the level was significantly
lower than that of other gas-liquid contactors. The
liquid flow behavior in the downcomer was plug
flow in EXL ALFR-PB. The average shear stress in the
downcomer was less than 4 Pa for the gas
superficial velocity range of 0.02 m/s to 0.1 m/s.
The fixed bed of enzymes or catalysts in the
downcomer section had comparatively lower shear
stress than the conventional reactor. EXL ALFR-PB
was found favorable and desirable for applications
in stress-sensitive gas-liquid-solid systems.
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Nomenclature

ajj Interfacial area, m™'

Ad Cross-sectional area of downcomer, m?

Ar Cross-sectional area of a riser, m?

Bs The "birth" due to break-up of bubbles, m3
s

Bc The “birth” due to coalescence of bubbles,
m3 s

CL Lift coefficient

Cum Added/virtual mass coefficients

Cmo Turbulent dispersion coefficient

Cwi1, Cw2 The wall lubrication constants

Cu,Cqa, C2, Constant

Cuai Constant

de Vertical distance between the probes, m
Ds The "death" due to the break-up of bubbles
m3s

Dc The “death” due to coalescence of bubbles
m3 s

Dp Diameter of particle, m

dn Maximum bubble horizontal dimension
of bubble

OK, Os Constant

de Vertical distance between the probes, m

d Diameter of bubble, m

d, di, dj Diameters (corresponding to m; and m;) of

the daughter bubbles, m

ds Sauter mean bubble diameter, m

fi Volume fraction of bubbles of group i

fav Breakage volume fraction

Fca Calibration factor

G Production turbulent kinetic energy,

m?.s72

g Acceleration due to gravity, m.s™

ho, hs¢ Parameters represent the film thickness

when a collision

k Turbulent kinetic energy, m2.s

L Height of packing, m

n; The number density of size group i, m*

n; The number density of size group j, m®

m; Mass of a bubble of group i, kg

m;j Break-up rate of bubbles of mass, kg

M Total interfacial force acting between two

phases, N.m™

My, Interfacial forces for liquid,N

Mg Interfacial forces for gas,N

Mp Drag force,N

ML Lift force,N

MymL Virtual mass force,N

Mrp L Turbulent dispersion force,N

Mw L, Wall lubricating force,N

AP Dynamic pressure, psi

APo Static pressure, psi

rij Equivalent radius, m

Si Source term due to coalescence and break-

up, kg. m3s”

Sk Turbulent kinetic energy dissipation rate

added term, kg-m™".s™*

tp Time between the conductivity peaks, s

t Time, s

tjj Time required for two bubbles to coalesce

having diameter di and dj, s

UL liquid circulation velocity, m.s™

Vs velocity of liquid, m/s

Us Superficial gas velocity, m.s™

Urd Superficial  liquid  velocity in  the

downcomer, m-s™

ULr Superficial liquid velocity in the riser, m.s™
Velocity vector, m.s™
Mean velocity, m.s™

uj Fluctuation velocity, m.s™

V, Linear velocity of liquid, m.s™

2 Terminal velocity, m.s™

Greek Symbols

€ Gas hold up

€L Liquid hold up
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pL Density of liquid,

[ Density of gas, kg.m™

UL, Viscosity of liquid,Pa.s

Ug Viscosity of gas,Pa.s

Ut Viscosity of water,Pa.s

MBLL Viscosity of bubble induced turbulence,Pa.s
WeffL Effective viscosity of liquid,Pa.s

Ueff G Effective viscosity of gas,Pa.s

T Contact time for two bubbles, s

o Surface tension, N.m™!

Vi Turbulent viscosity, kg.m™.s™

% Kinematic viscosity of liquid, m2.s™

g Turbulent eddy dissipation rate, m2.s™

€ Turbulent energy dissipation rate, m2.s™
€ Voidage of packing

n Eddy viscosity , Pa. s

B The pressure-strain correlation

0;® Buoyancy collision rate, m™ s

0;° Laminar shear collision rate m> s

;' Turbulence collision rate m=3 s

§ Size ratio between an eddy and a particle in
the inertial subrange

Subscripts

k Phase

G Gas phase

L Liquid phase

€ Hold-up

Abbreviations

EXL ALFR External Loop Air Lift Reactor

EL-ALR-PB External Loop Air Lift Reactor Packed Bed
BCR Bubble Column Reactor

EXL ALFR-PB External loop air lift reactor with packed
bed

CFD-PBM Computational Fluid Dynamics Population
Balance Model

GLS-FBD Gas-liquid-solid fluidized beds

FBD Fluidized beds

ALFR Airlift Reactor

GLS Gas Liquid Solid

PIV Particle Image Velocimetry

MUSIG Multiple Size Group
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