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HIGHLIGHTS ABSTRACT

¢ MaPY CFD models for Air-lift reactors are Airlift reactors are seen as the most promising reactor for many valuable
reviewed. productions such as algae culturing. However, this kind of reactor still needs

e Flow regime, bubble properties, and more information and data to understand its phenomena due to limited studies.
hydrodynamics characteristics are covered. Also, to reduce the time and offers obtained with sufficient reactor design,

e Available closure correlations are capable of achieving high productivities, Computational Fluid Dynamics (CFD)
investigated. could play an important role in optimizing the reactor design by analyzing the

interaction of hydro-dynamics. This review presents the literature review on the
recent CFD work for such a reactor that addressed the fluid dynamics
parameters, such as bubble dynamics. Earlier researches find more reports
ARTICLE INFO utilizing uniform bubble diameter in CFD simulations. However, the latest
research in the CFD modeling of multi-phase flow reactors showed that the

Handling editor: Qusay F. Alsalhy description of the bubble has significant effects on the performance of the
Keywords: simulation. As a result, systematic research into the impact of bubble diameter on
Computational fluid dynamics the simulation results of the CFD was performed. Finally, we present and discuss
air-lift reactor the CFD modeling approaches, a Governing equation such as Eulerian-Eulerian
review (E-E), and closure such as the drag force.

1. Introduction

Pneumatically agitated vessels, known as airlift reactors, are one of many types of multi-phase reactors. Airlift reactors are
commonly utilized in the chemical, environmental, petro-chemical, and bio-process industries, including fermentations [1] and
waste-water treatments [2]. Airlift reactors are gaining popularity in chemical engineering because of their numerous benefits,
including sufficient mass and heat transfer, low-pressure drop, and high fluid circulation rate. As a result, there aren’t any
moving parts in airlift reactors. In contrast to the mechanically stirred tank reactors and bubble column reactors [3, 4]. The
airlift reactor may be operating at higher gas throughputs and achieving sufficient wall heat transfer and mixing compared with
the traditional bubble column [5]. The loop reactors are utilized in bio-chemical applications because they have a low degree of
shear stress, allowing micro-organisms to expand rather than break down in high shear stresses. Airlift column reactors have
recently been recognized as having the potential to dramatically boost the capability of the photo-synthetic micro-organisms in
using light energy with a higher effectiveness, thus enhancing the general efficiency of the culturing system due to their high
mixing rate [6-8]. A wide range of applications of ALR has resulted in a multitude of studies in recent decades, focusing on
their flow dynamic characteristics and simulation [9, 10], reactor adjustment [11-13], and geometry optimization [14]. The
hydro-dynamic behaviors and the mixing properties that are crucial parameters for designing the airlift reactors, operation, and
scaling up may be utilized to define the efficiency of airlift reactors generally [15].

The mixing properties are usually based on circulation time, axial dispersion coefficient mixing time, and the axial
dispersion number. In contrast, hydro-dynamic behaviors are usually described in gas velocity, liquid velocity, and gas hold-
up. Those mixing and hydro-dynamic parameters, like the gas sparger type, superficial gas velocity, ratio height-to-riser-
diameter, downcomer diameter, and scale-up, depending on operating parameters. Numerous researches focused on the
experimental investigations of hydrodynamics in a global gas hold-up form and velocity in riser and downcomer [16,17]. There
has also been literature concerning the local hydro-dynamics for the liquid velocity and gas hold-up in internal loop airlift
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reactors [18-23], using the CARPT for testing local liquid velocity and gas hold-up. With the technical development of airlift
reactors in recent decades, have developed CFD simulations as one of the generally adopted numerical techniques for studying
local properties (such as profiles of gas hold-up, liquid velocity profiles, and shear stress profiles) of multi-phase flow
dynamics in airlift column reactors [24]. Several researchers have created the CFD model for gas-liquid flow in air-lift
reactors. In addition, as shown in Appendix, they used various turbulent and geometrical models for simulations of gas-liquid
flow in airlift reactors. Numerous researches on hydro-dynamics in the IALR based upon the simulation of the CFD [25, 26]
evaluated the capability of CFD simulation to capture global flow concerning the interstitial velocity and gas hold-up in
internal loop airlift reactors. Huang et al. (4) Have simulated hydro-dynamics and mass transfer in axisymmetric IALR using a
steady 2-fluid model; they have been focused upon global hold-up of gas, mass transfer coefficient liquid velocity. The
majority of research in this field was dependent upon the 2-D geometry or the axisymmetric assumption, but 3-D transient
simulations are required to capture the real flow within the system and investigate the reactor’s mixing patterns.

Despite the increased interest in hydro-dynamic research, only a small number of the studies on the residence and mixing
time were found to be investigated in terms of the mixing and residence times for external loop reactors. Those parameters of
mixin ando the others like the dispersion, circulation time, etc., have been researched. The RTD with the tracer method may be
utilized to obtain the information, with obtaining the RTD curve by monitoring the concentration of the outlet over time. To
obtain mixing parameters, RTD is also required to match proper phenomenological models. In the airlift reactors, the axial
dispersion model had been primarily utilized as a model of mixing [27]. Roy et al. [28] simulated flow field, axial dispersion
coefficient, and mixing time in an external loop air-lift reactor. They have focused on hydro-dynamics and mixing in a reactor's
riser of the liquid phase. Beihin et al. [27] have utilized mathematical modeling combined with the experimental data to
characterize the mixing in a concentric double-draft tube. Circulation time and mixing time were utilized for characterizing the
properties of the liquid mixing. The majority of the literature on the subject was focused on the liquid phase mixing in a
system. In addition, the values of axial dispersion coefficient in parts of the riser and the downcomer of air-lift reactors can
differ [3]. Olaofe et al. [28] have shown that computational mixing research using the virtual tracer simulation approach is an
effective tool for understanding multi-phase reactors. Unlike experimental research, simulation research does not require
expensive tools, and geometrical effects may be studied easily because no new equipment is required. This review aims to
provide a thorough overview of CFD modeling techniques, which include a multi-phase flow structure model, bubble
descriptions, and easily accessible closure correlations. This review presents a detailed overview of these efforts, which will
aid ALR researchers in quickly mastering existing information and, more importantly, analyzing current gaps or defects and
stimulating or evoking some novel thinking in this area.

2. Analyses of Flow Dynamic Characteristics in Air-Lift Reactor

Generally, the ALRs can be observed as traditional bubble column reactors (BCR) modified by in-built baffles. The usual
ALR can be divided into 4 distinctive hydro-dynamic zones or sections: riser (i.e., draft tube), bottom clearance, downcomer,
and gas separation (de-gassing) part. State-of-the-art structures of the reported typical ALR have been illustrated in Figure 1.
Based on the layout of those areas, the ALRs are usually categorized into 2 types: internal (IL-ALR) and external loop ALR
(EL-ALR). The IL-ALR consists of coaxial concentric tubes or baffle-split vessels. Coaxial concentric tube ALRs may be
running at 2 separate modes, referred to as the perimeter aeration ALR (referred to as inverse ALR) and center aeration ALR
as shown in Figure 1. Due to the neigh-boring location of a riser and downcomer, a large quantity of the bubbles that enter the
de-gassing section from the riser can be entrained easily by the flow of the downcomer.

In contrast, EL-ALR includes 2 separate tubes that are only connected at the bottom and top sections of the ALR. Due to a
rather long distance of riser-downcomer, a small number of the bubbles have been entrapped by the flow of the downcomer
[29]. The ALR’s geometry makes the pattern of the flow more organized in comparison with the BCR: disordered flows in
BCR are substituted by ones that are ordered in an almost vertical orientation, which makes the ALRs with a higher efficiency
to utilize buoyancy, incident kinetic energy, isotherm expansion energy of the rising bubbles—as a result, enhancing the level
of energy efficiency. Despite various ALR geometries, there remains some similarity in the properties of the flow dynamics.

Nonetheless, the flow properties differ considerably in sections of ALR: every one of the sections has different
characteristics of the local flow in momentum, heat, and mass transfer [30]. The diverged flow properties in the sections ensure
certain ALR functions are improved in certain applications. For instance, Li et al. [31] have noted significant nitrogen removal
with simultaneous nitrification and denitrification (SND) in ALRs. They have shown that gradient distribution of the DO (i.e.,
dissolved oxygen) imposed a considerable impact on the SND. Wei & Zhang [32] have accomplished the removal of biological
nitrogen using the SND process in bench-scale IL-ALR, where riser played the nitrification zone, and down-comer has been
utilized for the denitrification. A similar removal of the nitrogen using the SND in the downcomer has been explained by Meng
et al. [33, 34] and Meng et al. [35].
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Figure 1: Structural schematic of typical ALRs: (A) External loop ALR (B) Center aeration ALR (C)
Baffle-split vessels (D) Perimeter aeration ALR

3. CFD-Based Models

CFD has the best potential for long-term applications amongst the numerous models utilized to predict hydro-dynamics
and associated properties of the PBR and other multi-phase flow systems [36, 37]. CFD is a useful method for analyzing fluid
flows. This tool solves problems concerning fluid movement with the aid of computers and computational techniques. A
numerical model representing a system or device may be developed using the CFD, and the fluid dynamics and associated
physical phenomena may be predicted using the fluid flow physics and chemistry applied to this virtual model. Inside every
one of the cells of the computational domain, Navier—Stokes equations are numerically solved using the CFD technique. CFD
is thought to be a valuable method for supplementing the limitations of field and laboratory studies and a low-cost solution.
CFD may be utilized to investigate the ALRS affecting hydro-dynamics of flow, for example, the gas hold-up, superficial gas
velocity, column geometry, bubble diameter, pressure, and antifoaming content, all of which are all factors that significantly
impact liquid currents in a column. Liquid currents are difficult to predict since predicting the air-lift reactor hydro-dynamics
in the lab experimentations is hard. Due to the increase in the capability and affordability of computers, the applications of the
CFD to the design of the ALR are becoming more common, allowing for faster computation times and the ability to solve even
the most complex geometry. Numerous promising works in CFD modeling of ALRs have been carried out over the last decade,
showing that it is an effective and indispensable tool to study optimization and scale-up. The new advances in the CFD
modeling of ALRs were studied [38-40]. Comparisons showed that the algorithm performance, as shown in Figure 2, depends
on the flow states and the extent of paired between the numerical equations and the momentum and occasionally even on the
numerical approach details utilized in solving the algebraic equations. The finite volume approach begins with the flow domain
discretization and the corresponding transport equations. Then discretized momentum equations are solved by the guessed field
of pressure to give the components the velocity of (v.* and v,*) as follows:

ajvy ij =2a,v + (P;—1 - Dpij )Al,] €]
a;;j vy i =2avs+ (Pl — pij )AL (2)
Qi jDij = Qi1 jPi+1j t Qim1,jPi-1j + Qi je1Pije1 + Ay j-1Pij—1 + bjj 3)
Correct Vg Vx=initial velocity + av *(v from eq. (1) & (2)) 4)
Correct p = initial pressure + ap*(p from eq. (3)) (5)

Moreover, the accuracy of CFD predictions is currently dependent on CFD models, sub-models, and closure equations that
describe the phenomena of flow.

To summarize, recent ALR CFD modeling efforts have focused on two key aspects:

1. Selecting appropriate models for multi-phase flow.

2. Establishing closure relationships for interphase in- interaction and turbulence of the fluid.
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Figure 2: The SIMPLE algorithm flow chart
3.1 Multi-Phase Flow Models

3.1.1 Framework Model Approach

In ALR’s CFD simulation, liquids are typically considered background fluids, which is referred to as the continuous or
primary phase. The gas and potential solids are usually treated as particulate phases dispersed in background fluid, referred to
as the dispersed phases. Almost all related publications follow the continuous step using the Eulerian framework model
system. The Eulerian and the Lagrangian tracking methods are used to monitor the dispersed process. The Eulerian approach
employs a stationary coordinate approach to define the flow parameter distribution in the flow region. The Lagrangian
approach utilizes a moving coordinate scheme to map each particle's movement trajectories, summing up particle movement to
the flow field's flow properties. The Eulerian-Eulerian (E-E) and Eulerian-Lagrangian (E-L) models are 2 combined structure
models that are utilized in the simulations of the CFD of gas-liquid-solid and gas-liquid multi-phase flow in ALR [25]. The
latter is used to treat the continuous and scattered liquids as inter-penetrating liquids with a unity volume fraction restriction,
with momentum conservation and separated mass equations describing all phase’s flow. Interactions between the phases are
combined with the addition of the source items at the conservation equations’ right side, describing the momentum and mass
transfer between any 2 phases. Dispersed phases can be solved by monitoring numerous bubbles or particles through a
measured flow area.In contrast, the liquid phase has been viewed as a continuum through a solution of time-averaged Navier-
Stokes equations. The dispersed phase may be exchanging the momentum and the mass with continuous phases. However, the
primary phase's flow field calculations have not considered its effects on the continuous phases. E-L approach is advantageous
in tracking the movements of any particles whenever desired. The E-L model makes it reasonably simple to incorporate bubble
and particle coalescence, breakup, and collisions [41]. The E-L process, on the other hand, needs a lot of resources to
determine the trajectory of each particle individually.Consequently, where the movement of a single particle is required, and
the entire number of the considered particles has been found limited, the E-L approach is frequently used. On the other hand,
even though the E-E method can only provide a spatial distribution of the flow parameters, its measurement requirements are
lower, allowing for more flexibility in terms of the number and volume fraction of dispersed phases. E-E models, known as 2-
fluid models, have been more popular than the E-L models. Utilizing the 2-fluid model, a steady-state simulation of the CFD
for IL-ALR operates at low SVG's. Baten et al. [42] compared experimental findings against the hydrodynamics modeling in
IL-ALRs of 2 configurations using CFD. Volume-averaged mass and the momentum conservation Eqs. In Eulerian system has
been utilized in their CFD models for both water and air phases. Huang et al. [43] provided a 3-D IL-ALR simulation for the 2-
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phase bubbly flow using the 2-fluid model with revise k —¢ turbulence model. Pawar [44] used 2-phase CFD simulations with
the E-L method to investigate the flow dynamics of a concentric tube ALR, where the water has been in a continuous phase
with the dispersed air. The separate bubbles have been monitored from sparger at a point of injection to the top of the reactor,
where they escaped. In this study, 2 different BSDs (i.e., bubble size distributions) and their Sautermean diameter were
considered to represent the gas distribution at sparger in the reactor. The present paper shows that BSD-1 (1mm-5mm-—10mm)
that contains a high fraction of the small bubbles (less than 5mm) appropriately represents the flow hydro-dynamics in
comparison with BSD-2 (Smm—10mm-15mm) that contains a high portion of the large bubbles (more than 10mm) or single
size bubble diameter (5.25mm and 10mm). In addition to that, 3 operation regimes, like, no gas bubbles in downcomer (regime
I), stationary gas bubbles in downcomer (regime II), and re-circulation of the gas bubbles from downcomer to riser sections
(regime III) have been verified by the use of the CFD simulations with the Lagrangian particle tracking. Satisfactory
agreements (in approximately 15% deviation) with experimental data have been noticed for some parameters like gas hold-ups
in riser and down-comer and liquid circulation velocity inflow regimes I & II for BSD-1.

3.2 Multi-Phase Flow Models
3.2.1 Framework Model Approach

In ALR’s CFD simulation, liquids are typically considered background fluids, which is referred to as the continuous or
primary phase. The gas and potential solids are usually treated as particulate phases dispersed in background fluid, referred to
as the dispersed phases. Almost all related publications follow the continuous step using the Eulerian framework model
system. The Eulerian and the Lagrangian tracking methods are used to monitor the dispersed process. The Eulerian approach
employs a stationary coordinate approach to define the flow parameter distribution in the flow region. The Lagrangian
approach utilizes a moving coordinate scheme to map each particle's movement trajectories, summing up particle movement to
the flow field's flow properties. The Eulerian-Eulerian (E-E) and Eulerian-Lagrangian (E-L) models are two combined
structure models that are utilized in the simulations of the CFD of gas-liquid-solid and gas-liquid multi-phase flow in ALR
[25]. The latter is used to treat the continuous and scattered liquids as inter-penetrating liquids with a unity volume fraction
restriction, with momentum conservation and separated mass equations describing all phase’s flow. Interactions between the
phases are combined with the addition of the source items at the conservation equations’ right side, describing the momentum
and mass transfer between any 2 phases. Dispersed phases can be solved by monitoring numerous bubbles or particles through
a measured flow area.In contrast, the liquid phase has been viewed as a continuum through a solution of time-averaged Navier-
Stokes equations. The dispersed phase may be exchanging the momentum and the mass with continuous phases. However, its
effects on the continuous phases have not been considered in the primary phase's flow field calculations. E-L approach is
advantageous in tracking the movements of any particles whenever desired. The E-L model makes it reasonably simple to
incorporate bubble and particle coalescence, breakup, and collisions [41]. The E-L process, on the other hand, needs a lot of
resources to determine the trajectory of each particle individually. Consequently, where the movement of a single particle is
required, and the entire number of the considered particles has been found limited, the E-L approach is frequently used. On the
other hand, even though the E-E method can only provide a spatial distribution of the flow parameters, its measurement
requirements are lower, allowing for more flexibility in terms of the number and volume fraction of dispersed phases. E-E
models, known as 2-fluid models, have been more popular than the E-L models. Utilizing the 2-fluid model, a steady-state
simulation of the CFD for IL-ALR operates at low SVG's. Baten et al. [42] compared experimental findings against the
hydrodynamics modeling in IL-ALRs of 2 configurations using CFD. Volume-averaged mass and the momentum conservation
Egs. In Eulerian system has been utilized in their CFD models for both water and air phases.Huang et al. [43] provided a 3-D
IL-ALR simulation for the 2-phase bubbly flow using the 2-fluid model with a revised k —e turbulence model. Pawar [44] used
2-phase CFD simulations with the E-L method to investigate the flow dynamics of a concentric tube ALR, where the water has
been in a continuous phase with the dispersed air. The separate bubbles have been monitored from sparger at a point of
injection to the top of the reactor, where they escaped. In this study, 2 different BSDs (i.e. bubble size distributions) and their
Sautermean diameter were considered to represent the gas distribution at sparger in the reactor. The present paper shows that
BSD-1 (Imm-5mm—10mm) that contains a high fraction of the small bubbles (less than Smm) appropriately represents the
flow hydro-dynamics in comparison with BSD-2 (Smm—10mm-—15mm) that contains a high portion of the large bubbles (more
than 10mm) or single size bubble diameter (5.25mm and 10mm). In addition to that, 3 operation regimes, like, no gas bubbles
in downcomer (regime I), stationary gas bubbles in downcomer (regime II), and re-circulation of the gas bubbles from
downcomer to riser sections (regime III) have been verified by the use of the CFD simulations with the Lagrangian particle
tracking. Satisfactory agreements (in approximately 15% deviation) with experimental data have been noticed for parameters
like gas hold-ups in riser and down-comer and liquid circulation velocity in flow regimes I & II for BSD-1.

3.1.1.1. Governing Equation

In the Euler-Euler methodology, the two phases have been treated as inter-penetrating fluids’ continua. Ensemble-averaged
equations of mass and momentum conservations are utilized to describe the two phases' time-dependent motions. The
ensemble-averaged terms of interaction that describe drag, lift force, and virtual mass effects appear in the momentum balances
of the 2 phases [45].

Continuity equation: -

% (pxex) + V(pkeku) =0 (6)
Momentum transfer equation: -
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P
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In Euler-Lagrange representation, individual bubbles have been separately tracked, whereas liquid has been treated as a
continuum. The motion of the bubble is described by Newtonian laws, which offer the benefit of the simple implementation of
forces that have been exerted on the bubbles. The variety of the equations that have been utilized in the CFD model to solve
the Momentum and mass balances for the liquid phase can be summarized below. For the Newtonian fluid, incompressible,
isothermal, and unsteady state [44].

Equation of Continuity: -

X +V.w) =0 (8

Momentum transfer equation: -

d

2 4 Vlpuu) = =Vp + p. g + V (pegr (VU + (VU)T)) + My, 9)
Where: U: represents averaged liquid phase velocity; g: represents the vector of gravity; p: represents pressure; P :

represents liquid phase density; u.rf : represents the liquid phase’s effective viscosity, My : represents interfacial momentum

forces in governing momentum equation9 are responsible for interactions between dispersed and continuous phases.

3.2.2 Bubble Dynamic

To simplify CFD modeling, gas bubbles in ALRs are assumed to have a constant uniform diameter. The equivalent
average diameter of the bubble derived from the experimental measurements has been typically utilized to calculate the
diameter of the bubble for the CFD modeling. However, a randomly designated bubble diameter is typically selected to match
experimental data. For instance, Al-Dahhan & Luo [20] simulated the local flow dynamics’ CFD in the draft tube air-lift bio-
reactor, where gas bubbles have been considered to have a diameter of 3mm. Their model of the CFD reasonably predicted the
re-circulation of the micro-organisms compared to tracer trajectories that have been experimentally measured. Sufficient
results have been obtained from the relatively low SGV, which makes flow behave in a homogeneous flow pattern of the
bubbles. Earlier research [46-48] finds more reports utilizing uniform bubble diameter in CFD simulations. The latest research
in the CFD modeling of multi-phase flow reactors showed that the description of the bubble has significant effects on the
performance of the simulation [49-50]. As a result, systematic research into the impact of bubble diameter on the simulation
results of the CFD was performed. Mohajrani et al. [51] investigated the impacts of the bubble diameter from (1mm - 9mm) in
2-phase ALRs of 3 distinct configurations, finding that the smaller diameters of the bubble had a higher aspect ratio of the
bubble, which has resulted in a decreased liquid velocity and gas hold-up. Huang et al. [4] used a steady Reynolds averaging 2-
fluid model to examine the bubbly flow’s sensitivity in an IL-ALR. The effects of the bubble size on simulation results were
evaluated in the range of (2 - 10) mm, demonstrating its importance in effective simulation. For bubbly flow with many
different bubble sizes, a multiple size group (MUSIG) model has been proposed as a pre-requisite for quality modeling.
Indeed, bubbles of various sizes and shapes can be found in gas-liquid or gas-liquid-solid dispersions in most industrial
reactors, particularly at high SGV. The shapes and the sizes of bubbles impact phase velocity and volume fraction distribution,
and the phase velocity and volume fraction distribution impact the shapes and the sizes of bubbles as well [52]. Some research
discarded the assumption of the uniform constant bubble diameters in favor of the MUSIG bubble representation model to
obtain a more precise simulation performance. MUSIG models, such as (PBM) and (DBS), were successfully used to simulate
ALR flow dynamics. The DBS model for gas-liquid flows is mainly an extension of the method of the (EMMS) that has been
developed by [53]. This model divides heterogeneous gas-liquid flow structure into the liquid phase, and 2 bubble groups, di
and dg, are described based on their equivalent bubble diameter values. The small and large bubbles share one liquid flow area,
and their interfaces interact with the surrounding liquid. The energy consumption was partitioned into micro and meso-scale
sections using force balance and mass equations for the two bubble sizes. Six structural parameters, including ds and dy, fs and
fi, the volume fraction of the large and small bubbles, Uy & Us, SGV of large and small bubbles, have been obtained for any
specific SGV under the condition of stability in other words, minimal dissipation of the energy at the micro-scales [54]. The
effective drag co-efficient ratio to the bubble diameter CD/db has been evaluated as a function of SGV using the DBS model
and was then combined with the drag force measurement in CFD modeling [55]. Refer to for a comprehensive overview of the
DBS model [56]. A set of papers integrating DBS in ALRs hydrodynamics CFD model have been published [50, 54]. Prince
and Blanch's coalescence and breakup models have been utilized [57, 58]. The results revealed that when different bubble
coalescence and breakup models were utilized, the bubble size distributions and flow regime transitions predicted by PBM
were significantly different [59]. To simulate local hydro-dynamics of the gas-liquid-solid 3-phase ALR, the researchers have
created a 3-dimensional transient model of the CFD with an embedded MUSIG framework. The breakup and the coalescence
of the bubbles have been represented using the Prince and Blanch and the Luo and Svendsen models, respectively. According
to the findings, the local transient hydro-dynamic parameters that include the liquid velocities, solid hold-ups, gas hold-ups,
and the distribution of bubble size might be predicted with adequate accuracy. When reviewing the work on ALR CFD
modeling using various bubble description approaches, it is clear that MUSIG and DBS bubble models are suitable to improve
the precision of the simulation, particularly in the case where the local gas hold-up and bubble size distribution have been
important. However, in cases where computation resources are restricted, and only average flow parameters are needed, the
CFD modeling can be used instead of the MUSIG model.
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3.3 Relationships of Closure

The turbulent flow closure laws and the interphase forces, including buoyant force, drag, turbulent dispersion force, and
virtual mass force, are also sensitive in CFD simulations of the multi-phase flow. When considering flows in ALRs, different
parts of the ALRs have different hydro-dynamic and mixing behavior, complicating the classification [54]. Furthermore,
evaluating the effects of isolated forces on the hydro-dynamic parameters in the controlled experimentations has been
complicated since the forces behave concurrently, making the selection of adequate closure relationships more complicated.
On the other hand, including all of the inter-phase forces in CFD simulation cases is impossible and excessive because of the
probability that partial forces could be overlooked. It may seem rational to disregard insignificant forces to save money on
computations, but deciding which forces can be ignored at which ALR segment remains a challenge for flow process
simulations [54].

3.3.1 Drag Force Closure.

In the case where the bubbles in the surrounding liquid travel at different speeds, drag forces are generated. The drag force
is a local slip velocity function between continuous and scattered phases in gas liquid flows. It is typically the most powerful
interfacial force [26], as is shown in Eq. (10).

3¢ = =
F, =222 aup [V = V| (V,— Vi) (10)
Howevél, in low-density foams, Eq. (10) induces unrealistically high drag forces at gas hold-ups approaching 1.0. In
addition, by multiplying the local volume fraction of the liquid process, Eq. (11) was proposed as a substitute [60]:

Fly = j ZD agap Vg = Vi| (V=) an

The drag coefficient (CD) calculation is important in drag force closure models. According to them [61], the liquid phase’s
purity affects the drag coefficient, particularly when the liquid phase contains small bubbles or has low surface tension. Since
bubbles are deformable, a variety of semi-empirical equations that have been utilized to calculate drag coefficient were
suggested for adapting shapes of the ellipse, sphere, and spherical caps. Table | includes a list of the typical models of the drag
coefficient. However, due to a wide variety of bubble sizes, flow regimes, and shapes, abundant drag, coefficient models don’t
present a standardized solution, which requires precise establishment of the conditions applicable to every one of the drag
coefficient equations.

Table 1: lists typical models of drag coefficients

No Description of the Model Application cases

24
b= 2 (1 + 0.15Re0557) or : Re < 1000 [431.[62] .[63]

e
Cp =044  for:Re> 1000

2 il 0.687 8 Eo ) [10]; [64]
CD—max(mln[ (1+ 0.15Re ) 3Fo 14
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3.3.2 Lift Force Closure.

Lift force indicates the interfacial forces that act in a lateral direction perpendicular to primary phase flow in multi-phase
flow [25]. The Saffman force, which is induced by shear flow or a gradient of the velocity around bubbles, also Magnus force
resulting from forced rotation regarding bubbles in uniform and shear less flow field, are the major mechanisms causing lateral
lift forces in ALRs. However, the Saffman force is typically a magnitude order more than the Magnus force in a bubbly flow,
rendering the former dominant in ALRs [68]. Due to the low viscosity and the small size of the bubbles in the majority of
bubbly flow conditions, the bubble rotation might be ignored; thus, the Magnus force isn’t considered in literature [69]. Small
bubbles with a positive Saffman lift force coefficient tend to migrate towards the walls in both risers and downcomers, leading
to a flatter radial profile of gas hold-up.

In contrast, the large bubbles with negative lift coefficients tend to migrate toward the middle of the cross-section, leading
to a center-peak profile of the gas hold-up [4,61]. At 5.8mm as bubble size, the lift force coefficient changes sign in a typical
air-water device [70]. Because of its complex position in bubbly flows - bubble deformation, creation of asymmetric wakes,
and flows within bubbles - and the lack of precise theoretical explanations, the effects of lift force are often ignored in ALR
simulation studies. The researchers usually neglect the impact of lift forces in the simulations of the CFD, considering the
numerical calculation stability and lower computation expense [71, 72]. Others believe that lift force has a significant impact
on simulation outcomes in areas such as the transversal gas hold-up profile, despite its presence and significance being
debatable for practical bubble shapes and sizes [73]. The lift force is determined using Eq. (12) in the available literature:

Flg= —Cprag (V= V) x (Vx V) (12)

The researchers didn’t identify any systematic research on the impacts of the lift force coefficients on the subsequent

hydro-dynamic parameters.

3.3.3 Virtual Mass Force Closure

The virtual mass force occurs when the distributed phase is accelerated according to the continuous phase in multi-phase
flow. As stated in the user's guide [74], the virtual mass forces are of high importance when scattered phase density is
considerably small compared to continuous phase density, like in gas-liquid transient flow. Therefore, Eq. (13) is often used to
describe the virtual mass force:

DV, DVg
Fly = Cupiag (22— 52) (13)

Drew [75] indicated that the impact of increased mass was observable in the case where slip velocity changed at a high
rate. Yet, these oscillations are not resolved in the two-fluid model and are smoothed down throughout the averaging process.
As a result, when using a 2-fluid model, the virtual mass force will be ineffective at considerably high computing costs.
Sokolichin and Eisenberger [76] also believed that the virtual mass force didn’t affect the simulation performance; thus, they
recommended that it be ignored, despite its undeniable presence.

3.3.4 Turbulent Dispersion Force Closure

The turbulent dispersion force accounts for inter-phase turbulent momentum transfer, resulting in turbulent diffusion
related to the dispersed phase in the continuous phase. Also, the turbulent dispersion force is utilized in the inter-phase drag
equation to compensate for the turbulence characteristics’ loss. With regard to vertical channel flow, the turbulent dispersion
force majorly affects radial gas fraction profiles [41]. Lopez de Bertodano [77] looked at the turbulent dispersion force caused
by liquid turbulence, which leads to a more even bubbles’ distribution, and derived the simulation eq. by analogy with
molecular thermal movements, Eq14:

Fltd = _thd = Crppiky Va, (14)

Where: -g represents the volume fraction’ gradient in the distributed gas phase; k; represents turbulent kinetic energy in the
continuous liquid phase;

Crp represents a turbulent dispersion coefficient that is typically modifiable constant between 0.10 and 0.50. [25]

Simonin and PV [78] looked at bubbles trapped in turbulent eddies in the fluid process and brought from high
concentration to lower concentration areas. Eq. (15) is utilized to measure the turbulent dispersion forces:

D t. Va Va
Rt = —F4 = Croly g 22t (22— ™) (15)

Where: - orp represents the Prandtl number that has been set to 0.75, p' 1 represent the fluid bubble turbulent dispersion
concept connected to distinctive turbulent scales. The derivation can be found in detail in Tavy et al. [5].

Burns [79] has obtained an explicit equation for modeling turbulent dispersion forces by Favre, which averages interphase
drag forces based on Eq16:

a
Ffl = —Ff =26 2 g = w S’i—i(i - é) Va, (16)

Where: Sc . : represents turbulent Schmidt number for continuous phase, generally set at 0.90 constant

Talvy et al. [5] have developed a correlation for accounting for turbulent dispersion forces in the frame of the
homogeneous turbulence Eql7:

Ff* = —F/% = pjuf uf.Va, 17)

The covariance (u, u;) can be derived from the original source using a series of algebraic equations [13].
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3.3.5 Turbulence Closure

Turbulence can be defined as one of the 3D unsteady random motions identified in fluids at moderate-high Reynolds
number values that include most industrial flows. Also, the Reynolds Averaged Navier-Stokes (RANS) Eqs. Had been utilized
in the 2-fluid model to filter out part or all turbulence continuum leads to a smooth variation regarding averaged velocity and
pressure in flow area. Nonetheless, the averaging method provided new unknown terms to conservation equations, like
Reynolds stress values, that should be provided through adequate models of turbulence [74]. Therefore, the 2-equation models
(k—o & k—¢ models) based on Boussinesq supposition can be considered major turbulence models utilized in realistic flow
engineering. In addition, the Reynolds stress has been associated with average velocity gradients in k-o- and k- € models
through the coefficient of turbulent viscosity (ut), also referred to as effective viscosity (peff) or eddy viscosity. There are two
more transport equations for turbulence kinetic energy k, and either real dissipation rate or turbulence rate of dissipation should
be solved for obtaining such coefficient, with the turbulent viscosity evaluated as a k & o or k & ¢ function in the following
way:

pCk? k
u =2 oru, = ax = (18)
& w

Where: -Cp represents a constant, which is commonly fixed at 0.090, o* represents a low Reynolds number correction
coefficient equal to 1 for the flows with high Reynolds number values.

Due to its economic character, robustness, capability for predicting wall-bounded turbulent flows, and fair precision, the
standard k- € turbulence model with regard to homogeneous state was majorly utilized [80]. Three turbulent models are used to
model multi-phase flow: distributed k- e-model, mixture k- ¢ -model, and per phase k- € turbulence model [74]. Those
turbulence models use similar model constants to previous ones, yet they use distinctive equations for accounting for
turbulence viscosity [81]. Separate phases, nearly-stratified or stratified multi-phase flows, and phase density ratios of
approximately one are covered via the mixture model. Regarding a primary continuous phase that contains a dilute dispersed
phase, the dispersed k- &- model has been found effective. In addition, the per-phase k- ¢- turbulence model was considered the
most common for multi-phase flows because it is used for solving a group of k as well as ¢ transport Eqgs.

Regarding every one of the phases, they benefit from the majority of computing resources of the 3 models. On the other
hand, this model ensures accurate simulation at dominant turbulence transition between the phases, for instance, at high gas
void contents [82]. Huang et al. [4] created a 2-fluid 3D steady-state CFD code for IL-ALRs that utilizes a mix k- & turbulence
model to overcome turbulence. The findings showed fair agreement with experimental evidence at correctly presented hydro-
dynamic characteristics. Xu et al. [54] utilized the standard mix k- € turbulence model to predict the liquid velocity in IL-ALR:
the forecast has been consistent with experimental results at lower SGV yet underestimated at high SGV. This could be
because of the turbulence interactions between the phases, which have been overlooked in k- € mixture turbulence yet appears
at higher SGV. Using distributed k- ¢ turbulence for simulating transient gas-liquid flows in the ALRs has been proposed in
light of the last situation. For instance, Liew et al. [49] utilized a 2-fluid model for simulating the transient 3D ALRs through
conducting standard dispersed k-turbulence, which predicted (correctly) the axial liquid velocities as well as the gas hold-ups
over a broad SGV range. A few studies proposed modeling turbulence with dispersed k- €, yet using bubble-induced turbulence
as a further source word in € and k equations, for obtaining more precise modeling results or in a few distinctive application
cases. Kantarci et al. [83] utilized the Eulerian 2-fluid model for simulating the bubbly flow in the internal loop airlift column.

Furthermore, just the turbulence equations for the continuous liquid phase have been solved. However, the impact of
bubble-induced turbulence on the primary phase has been modeled using a further source terms system. Striba et al. [84]
applied the CFD method to simulate the gas liquid dispersion and kinetics regarding removing the ferrous ions from the
drinking water through aeration in split rectangular ALRs. In the liquid phase, the stress tensor has been assessed using
dispersed k- € turbulence that accounts for more bubble-induced turbulence and gas dispersion forces. Comparably, with regard
to turbulence closure, dispersed k- turbulence was defined elsewhere [46, 51, and 63]. However, the authors were unable to
locate works that described per phase k- € turbulence models for simulating flows in ALRs, because the gas density in the
bubbly flow has been low compared with the liquid, which makes separate computations regarding the gas turbulence
uneconomic and inessential because of the significant increase in computation resource requirements.

4. Conclusions

The methodology of the simulation of the CFD has provided unparalleled benefits when simulating multi-phase flows in
ALRs. CFD is a tool for solving scientific challenges, including flow regime transition research, the acquisition of
unmeasurable flow characteristics, and a technological or application pre-requisite for multi-phase flow processes. However,
due to the complexity of gas-liquid fluxes, a large amount of theoretical and experimental study is required. The next factious
must be taken into account in future works to harness the benefits of numerical simulation effectively:

1) Unlike the CFD model, the mechanism model does not provide extensive local flow parameter data. Before using CFD
simulation, it was determined that the flow regime where the reactor is operating should be assessed. More research is needed
into the mechanism model, especially the links between flow regimes, bubble features and operational conditions.

2) A few closure relationships, like the impact of shape and bubble size on many interphase powers, are still not simple or
systematic.

3) CFD sub-model selection techniques must be standardized, which necessitates the creation of a complete collection
regarding the sub-model selection techniques. For example, the bubble definition, frame, and closure relationships models
might be evaluated using established selection techniques and characteristics such as SGV, reactor geometry, and flow regimes
along with a pre-defined selection flow sheet. Because present work on such problems is either non-existent or insufficient, if
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such challenges are properly resolved, the numerical simulation methodology can be highly important in operation
optimization and reactor design.

Appendix

Overview of previous work of the model of the CFD for gas-liquid flow in an airlift reactor

Symbols and units:
Cp: drag coefficient
d: diameter, mm.
SGV: superficial gas velocity m?/s.
V: represents the phase velocity vector.
Cy: the lift coefficient.
CVM: represents the virtual mass coefficient that is commonly set as a constant value which is equal to 0.50
[61, 62].
otp : represents Prandtl number that has been set to 0.75.

Sc,: represents turbulent Schmidt number for continuous phase, generally fixed at 0.90 constant
Greek Letters:-

o: volume fraction ,dimensionless.
Abbreviations:
Crp: the turbulent dispersion coefficient

ALR: air-lift reactor
CARPT: Computer-Automated Radioactive Particle Tracking
CT: sophisticated computed tomography technique
RTD: Residence Time Distribution
PBR: photo bioreactor
E-E: Eulerian-Eulerian model

E-L: Eulerian-Lagrangian model

IL-ALR: - internal loop air-lift reactor

DBS: dual-bubble-size.

PBM: population balance model.

EMMS: energy minimization multi-scale.

D /Dt: - represents the material derivative

G:- gasphase ; 1 :- liquid phase
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