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Abstract A 2D computational fluid dynamics simulation was carried out using a multiphase flow model with
an Eulerian–Eulerian approach for a microalgae culture in an airlift column photobioreactor. Simulation was
performed for a 0.0625 l/ lculture ·min inlet airflow. Air, water andmicroalgae velocity contours showed less gas
phase present in the downcomer than in the riser, suggesting the necessity of vigorous mixing in the ascendant
portion if homogeneous water and solid flow is to be achieved. Air velocity is smaller in the downcomer
(shorter velocity vectors) than in the riser. Water velocity vectors point always in the expected direction, down
in the downcomer and up in the riser. Microalgae paths, perhaps due to the small size of the microorganisms,
follow the water velocity vectors. As there are fewer hydraulic restrictions to the liquid phase in the riser, a
large amount of energy is dissipated by gas–liquid interactions. In the downcomer region, the gas phase is
almost nonexistent, and bubble collisions are almost nonexistent as well. A quasi-stagnation zone was found
at the lower section of the downcomer, showing that the design requires improvement. Finally, the turbulent
kinetic energy is larger at the top and middle region of the riser; meanwhile, it is lower at the downcomer.
Similar results were observed for the energy dissipation rate.

List of symbols

dB Bubble diameter
dM Microalgae diameter
g Gravity
MI,α Momentum force at the interphase for α phase
Pα Turbulent kinetic energy production term
Prt Turbulent Prandtl number
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r Volume fraction
t Time
u Phase velocity

Greek symbols

α Phase (liquid/gas/solid)
ε Turbulence energy dissipation rate
k Turbulence kinetic energy
ρ Density
∇P Pressure gradient
μ Viscosity
μg,l Bubble-induced liquid viscosity
μs,l Solid-particle-induced liquid viscosity
μt Turbulent viscosity
�α Dispersion Coefficient

Subscripts

l Liquid phase
g Gas phase
s Solid phase
eff Effective
I Interphase force
D Draft
L Lift
VM Virtual mass
TD Turbulent dispersion

1 Introduction

Photobioreactors (PBRs) could be defined as closed systems where microorganisms (commonly microalgae)
are able to carry out the photosynthesis process using artificial light, solar light or both of them [1]. PBRs
have been widely used for microalgae cultivation [2], since this technology minimizes contamination risks
of the culture, improves the reproducibility of culture conditions, provides control over hydrodynamics and
temperature and allows appropriate technical design [3]. Particularly, airlift PBRs allow rapid mixing while
producing weak shear stress, which makes them suitable for microalgae cultures [4]. Airlift column reactors
are widely used in chemical, petrochemical and bioprocess industries because of their simple construction,
inexpensive operation, design flexibility, low power requirements, and good mass and heat transfer [5,6]. In
this type of equipment, pneumatic mixing is employed to equally and periodically convey all the cells from
the lightened zones of the PBR to the dark area [7].

During the operation of an airlift PBR, fluid in the vessel splits into two interconnected zones using a draft
tube (riser) as a separating baffle [8], an ascending body (in the riser) and a descending one (in the downcomer),
zones 2 and 3 in Fig. 1, respectively. Zone 1 corresponds to the systemgas-phase inlet. Because of the previously
mentioned advantages of PBRs, several studies have been developed over the last decades. Nevertheless, a
better understanding of their hydrodynamic behavior is still a key issue for improving their performance in
microalgae cultivation. Both empirical and computational research may contribute to this process. In computer
simulation studies, computational fluid dynamics (CFD) techniques have been on the forefront in designing
PBRs where microalgae are cultivated [2].

Computational fluid dynamics havemade ahuge impact in characterization offlowfields inPBRs, becoming
a powerful tool for performance prediction, and possibly in design optimization. This could lead to reductions
in both resource demand and cultivation time [9].

This study aims to characterize the behavior of various hydrodynamic variables affecting the turbulent
multiphase flow (water–air–microalgae) in an airlift PBR through the use of a CFD software under an Eulerian
reference frame. Results will be used in the operational optimization of PBRs for microalgae culture.
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Fig. 1 Airlift PBR operational scheme

2 Model description

As previously mentioned, an Eulerian approach was employed for modeling the described multiphase sys-
tem. In this method, continuous and dispersed phases are both mathematically modeled as interpenetrating
fluids, represented by sets of mass, momentum and energy balances [10]. This approach has some advan-
tages in modeling dispersed phases since the volume fraction of particles (solids phase) or/and bubbles (gas
phase) is significant, and they must be accounted for. Moreover, because of its relative simplicity, it has lower
computational cost compared to the Lagrangian particle tracking method [11].

Some assumptions taken for this model are listed below [12]:

• All phases aremodeled as interpenetrating continua. The probability of any phase presence in themultiphase
flow field is given by the instantaneous volume fraction of that phase at that point. The total sum of all
volume fractions at any given point, thus, should be unity.

• Liquid and gas phases are treated as incompressible with the same pressure field:
p = pl = pg

• The gas phase is assumed to consist of spherical bubbles of the same size.
• Mass exchange between phases is neglected.
• The whole fluid domain is assumed to be under isothermal condition; thus, heat exchange is not considered.
• Microalgae (the dispersed solid phase) are modeled as spherical solid particles with constant diameter.

The multiphase model solved is comprised by conservation equations for mass, momentum and energy for
each phase. Phase interaction models are provided to define the influence that each phase exerts upon another
across the interfacial area between them. Mass conservation is defined by

∂
∂t (rαρα) + ∇ ·

(
rαρα

⇀
uα

)
= 0

(α = l, g, s) ,
(1)
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where the volume fraction restriction for the three phases is specified as:
∑

rα = 1. (2)

Momentum conservation is presented in Eq. (3):

∂

∂t
(rαραuα) + ∇ · rαραuαuα = −rα∇P + rαραg + ∇ ·

(
rαμα,eff

(
∇uα + ∇uTα

))
+ MI,α. (3)

The effective viscosity (μα,eff ) term includes contributions from molecular viscosity (μα) and turbulent
dynamic viscosity (μT

α) [11]. For the liquid phase, the effective viscosity is defined as [13]

μl,eff = μl + μT
l + μg,l + μs,l. (4)

For dispersed phases:

μg,eff = μg + μT
g , (5)

μs,eff = μs + μT
s . (6)

The turbulent viscosity for the liquid phase is computed as:

μT
l = ρlCμ

(
k2

ε

)
, (7)

μg,l = ρlCμpεgdB
∣∣ug − ul

∣∣ , (8)

μs,l = ρlCμpεsdM |us − ul| . (9)

For dispersed phases, the turbulent viscosity is calculated as:

μT
g = ρg

ρl
μT,l, (10)

μT
s = ρs

ρl
μT,l. (11)

This model for viscosity was proposed by Jakobsen et al. In his paper “Modeling of Vertical Bubble-Driven
Flows”, quoted by Wang et al. [13], the effective liquid phase viscosity takes into account not only the liquid
own viscosity (μl) but also components induced by the turbulence (μT

l ), by the bubbles (μg,l) and by the solid
phase (μs,l). He made a similar analysis for every phase component.

The (MI,α) term takes into account the interphase momentum transfer between different phases due to
interfacial forces [14], including drag force (MD), lift force (ML), virtual mass force (MVM) and turbulent
dispersion force (MTD):

MI = MD + ML + MVM + MTD. (12)

Interfacial forces between two phases were equal and opposite [13]:

MI,lg = −MI,gl, (13)

MI,ls = −MI,sl. (14)

The standard κ−ε turbulent model is used in the current study. The equations employed were developed by
Jones and Launder [15] with coefficients suggested by Launder and Sharma [16]. The equations for turbulent
kinetic energy and turbulent dissipation, describing multiphase flow, are, respectively [14]:

∂

∂t
(rαρακα) + ∇ · (rαρακαuα) − ∇ ·

(
rα

(
μα + μT

α

σk

)
∇kα

)
= −rα (Pα − εαρα) , (15)

∂

∂t
(rαραεα) + ∇ · (rαραεαuα) = ∇ ·

(
rα

(
μα + μT

α

σε

)
∇εα

)
+ rα

εα

kα

(Cε1Pα − Cε2Pαεα) , (16)
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Table 1 Constants used in the κ − ε turbulence model

Cε1 Cε2 Cμ Cμp σk σε Prt

1.44 1.92 0.09 0.06 1.0 1.3 1.0

where the production term is defined as:

Pα = μT
α∇u · (∇u + ∇uT

) − μT
α

ρPrt
g · ∇ρ. (17)

The turbulent dispersion term it modeled as [17]:

Sα = ∇ (�α · ∇rα) = ∇ (Dα · ∇ (ραrα)) , (18)

�α = μT
α

Prt
. (19)

The previously described equations are solved using STAR CCM+®.
Constants used to close the model by the software are listed in Table 1 [14].

3 Computational model configuration

Figures 2 and 3 show the airlift PBR and the CAD generated with dimensions already introduced [11].
The analyzed PBR consists of two concentric cylinders made of acrylic material. The outer cylinder is

4mm thick, 750mm high and has 250mm external column diameter. The inner cylinder (riser) is 4mm thick,
690mm high and has 150mm inner diameter. The inner cylinder hangs from the top of the outer one and has 4
windows located near its upper portion to allowwater recirculation. During the CADgeneration, amodification

Fig. 2 Modeled airlift PBR
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Fig. 3 CAD for photobioreactor

Table 2 Reference values for grid construction

Base size 5 × 10−3 m
Maximum cell size 0.5m
Number of prism layers 5
Prism layers stretching 1.5
Surface growth rate 1.3

was made to the original PBR. Since the water level does not reach the top of the vessel, CAD’s top boundary
was set close to the middle of the circulation windows. Air inlet was modeled as a 40-mm-diameter semi
sphere. As a first modeling step, a volumetric mesh was generated using the parameters presented in Table 2.

The selected meshing model uses a predominantly hexahedral mesh. It is efficient for filling large volumes
and uses lessmemory per cell than the polyhedralmesh [18]. The volumetricmeshwas the basis for establishing
the 2D computational domain. It is important to say that the two-dimensional modeling was chosen because
previous results [11] show a lack of axial symmetry in the flow when the riser is employed. Figure 4 shows
the final grid used.

A grid independence analysis was performed using different base sizes for the mesh elements. Values
ranging between 4 × 10−3 and 8 × 10−3 m were used. Resulting values for pressure and velocity of each of
the three phases in a given point (in the center of the riser) were compared. The maximum variation found was
4% for water and solid velocities. The values remain essentially the same for mesh sizes of 7 × 10−3 m and
smaller. For this reason, a mesh size of 5× 10−3 m was selected. Table 3 shows the results for different mesh
sizes checked.

A summary of the final statistics for the two-dimensional grid is listed in Table 4.
An Eulerian reference frame is used for modeling all phases. The physics of the problem is modeled

considering constant density for the phases and κ − ε turbulence model. These models are used for describing
each one of the phases in the present study.

Cells were considered as solid spherical particles with a density value similar to that of the water. Fresh-
water Chlorella vulgaris was the microalgae species chosen for the simulation. Cell size for this type of
microorganism ranges typically between 5 and 10µm [19]; therefore, the cell diameter was set to 10µm. The
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Fig. 4 2D final mesh

Table 3 Velocity dependence on chosen mesh size

Grid base size (mm) Nodes (N) Pressure (kPa) Water vel (m/s) Air vel (m/s) Microalgae vel (m/s)

4 177,963 101,322.8 0.242 0.592 0.242
5 116,883 101,323.2 0.241 0.592 0.241
6 82,437 101,324.2 0.238 0.588 0.238
7 62,260 101,322.9 0.242 0.592 0.242
8 48,019 101,329.1 0.239 0.589 0.239
9 39,767 101,321.7 0.234 0.584 0.233

Table 4 Mesh final statistics

Cells Triangular 26
Quadrilateral 115,129
Polygonal 24
Total 115,179

Total faces 228,653
Total vertices 116,883
Grid base size 4 × 10−3 m

Table 5 Physical properties for the different phases

Continuum properties Density (kg/m3) Dynamic viscosity (Pa-s) Diameter (m)

Water 997.561 8.8871e−4 N/A
Air 1.18415 1.85508e−5 0.004
Microalgae 1040 [20] 1.0E−6 1e−5

bubble diameter was specified at a value of 4mm. Table 5 shows modeling properties for water, air bubbles and
microalgae. On the other hand, interaction between air bubbles and water considered drag, lift, virtual mass and
turbulent dispersion forces. Regarding the interaction between water and microalgae, drag force and turbulent
dispersion force were considered. In the present study, drag coefficient is defined by the Schiller–Naumann
correlation.

Initial condition for water and microalgae velocity was established as 0m/s, since both phases are consid-
ered stationary at the beginning of the simulation, and no air was considered in the system when the simulation
started. Initial volume fractions for microalgae and water were 0.0002 and 0.9998, respectively. This corre-
sponds to a microalgae concentration of 4 × 105 cells/ml. Air velocity was determined from the volumetric
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Table 6

Time step (s) Pressure (kPa) Water vel. (m/s) Air vel. (m/s) Microalgae vel. (m/s)

0.1 101,323.2 0.241 0.592 0.241
0.12 101,323.2 0.241 0.592 0.241
0.14 101,323.3 0.242 0.592 0.241
0.16 101,323.1 0.241 0.591 0.241
0.18 101,322.4 0.245 0.595 0.245

flow rate (0.0625 l/lculture · min). The system is open to the atmosphere, whose pressure is considered to be
101.325kPa.

Three boundary conditions are identified in the PBR: inlet, outlet and walls. Inlet condition was placed
at the sparger’s surface, specifying the air velocity. Air volume fraction at the inlet is set to one since only
the gas phase goes into the system. The outlet boundary is placed at the top of the PBR. At this section, the
impermeable condition is specified for microalgae and water; therefore, only the gas phase leaves the PBR
through this boundary. The wall boundary condition is specified in the walls of the PBR.

A total of 30 s were considered for the transient simulation in order to achieve permanent condition. The
simulation was performed with a constant time step of 0.1 s. To determine this time step, an analysis similar to
that used for the grid independence was accomplished. Time step values in the range from 0.1 to 0.18 s were
used. Final velocity results, after 30 s of simulation, were compared in the same domain point. Results are
listed in Table 7.

As results turned out to be almost identical, the shorter value was chosen in order to better capture the
fast-changing transient process at the beginning of the simulation.

4 Results

Modeling was performed with the chosen parameters. After 30 s of simulation, the water flow pattern is
developed and the air plume oscillates permanently inside the photobioreactor. Regarding the microalgae,
their flow pattern shows similar characteristics as those developed by the water phase.

4.1 Air and microalgae volume fraction contours

Figures 5 and 6 show the results obtained for air and microalgae volume fraction, respectively. In Fig. 5,
it is clear that the air phase is present mainly at the riser zone of the PBR. Air volume fraction around the
sparger reaches the highest value, while in the downcomer it is close to zero, as expected, since most of the
bubbles entering the PBR leave the system through the top of the equipment. Frommicroalgae volume fraction
contours, the mixing effect caused by the air phase can be seen. The presence of microalgae in the whole
extension of the PBR is evident, which is desired, as mentioned before. However, the results show zones with
a higher presence of the microorganism. That is a consequence of the low velocity in the bottom section of the
downcomer, compared to both the riser and the upper part of the downcomer [10].

4.2 Water, air and microalgae volume fraction contours

Comparing air volume fraction contours and air velocity contours, a parallel behavior is evident as observed
in Figs. 5, 6 and 7. The highest velocity values are found in the lower and middle sections of the riser, where
the volume fraction for the air phase shows its highest values as well. This result is comparable with the
study of García et al. [11] where a simulation for an airlift PBR with two phases was performed (air–water).
Nevertheless, the presence of the third phase (microalgae) leads to a shorter zone with the maximum velocity
for air. In this study, it was seen until the middle of the riser, while in some other studies [11] it is found that
this zone extends practically through the entire riser.

Water and microalgae velocity contours are presented in Figs. 8 and 9. As well as for the air phase, water
and microalgae present higher values of velocity in the riser than those seen in the downcomer.

These contours show that water recirculates in the PBR through the windows at the top of the riser, at
low velocity values. On the other hand, microalgae velocity contours show a similar pattern to that of water,
following liquid flow. This is in accordance with the experimental results from Luo and Al-Dahhan [12].
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Fig. 5 Air volume fraction contours

Fig. 6 Microalgae volume fraction contours
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Fig. 7 Air velocity contours and velocity vectors

Fig. 8 Water velocity contours and velocity vectors

4.3 Water, air and microalgae velocity vectors

The permeability condition for the air phase at the top of the PBR could be verified with the behavior of the
velocity vectors. Figure 7 shows air velocity vectors going out from the system as expected due to the specified
boundary condition.

By using this outlet condition, most of the air mass flow entering the system will leave the PBR through
the upper surface, thus achieving the mass balance. Nevertheless, some velocity vectors are present in the
downcomer, which indicates that some air mass is dragged by the water [11].
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Fig. 9 Microalgae velocity contours and velocity vectors

Fig. 10 Water velocity vectors at the bottom of the PBR

Velocity vectors for the water phase are shown in Fig. 8. These vectors are well organized, pointing down
in the downcomer and up in the riser, indicating a good mixing performance at the specific volumetric flow
rate of air (0.0625 l/lculture ·min). Velocity vectors for microalgae indicate that this dispersed phase follows the
flow pattern of the continuous phase, driving the microalgae to constant circulation inside the photobioreactor.
Figure 9 shows the velocity vectors for this phase, which are quite similar to those of the water.

As water circulates from the downcomer to the riser, low-pressure zones are expected to be generated
producing a backflowing effect in those points. This is validated by water velocity vectors. In Fig. 10, it is
noticed that some vectors in the low part of the PBR have a direction contrary to that of the main flow.
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Fig. 11 Water turbulent dissipation rate contours

Fig. 12 Water turbulent kinetic energy contours. García et al. [11] (left), current investigation (center), Oey et al. [10] (right)

4.4 Turbulent dissipation rate and kinetic energy for continuous phase

Turbulent dissipation rate and turbulent kinetic energy for the water phase are derived directly from the
turbulence model (κ−ε turbulence model in this particular case). Contours for these two variables are shown
in Figs. 11 and 12.

Results for turbulent kinetic energy and dissipation rate found in this research are similar to those presented
in other papers [10,21] from different researchers. Comparing kinetic energy contours for water–air [11] and
water–air–solid [10] mixtures to those shown in Fig. 12, it is noticed that the highest values are found closer
to the sparger as the solid volume fraction increases.

In water–air simulation [11], the highest values for the specific turbulent kinetic energy were reported to
be around 1× 10−2 m2/s2, while [10] for water–air–solids reached values around 5× 10−2 m2/s2. Hence, the
increasing effect is attributed to the presence of the dispersed solid phase. When there are three phases in the
system, it is expected to find specific kinetic energy values between the twomentioned above due to the presence
of a dispersed solid phase at a volume fraction in between. Therefore, the magnitude of 1.5 × 10−2 m2/s2

obtained in this modeling is in agreement with previous research.
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Fig. 13 Measurement points at the PBR

Table 7 Actual water velocity

Point # Experimental velocity (m/s) Simulated velocity (m/s) %Error

1 0.1702 0.1585 6.86
2 0.1930 0.1579 18.20
3 0.1839 0.1599 13.05

Turbulent kinetic energy and turbulent dissipation rate reach their highest values at the top and middle
section of the riser, while the downcomer presents the lowest magnitudes, confirming that phase interactions
could influence the kinetic energy and turbulent dissipation rate distribution.

5 Experimental validation

5.1 Velocity measurement

Experimental validation in the PBR (32 l in capacity) was performed using an ultrasonic mass flowmeter. The
sensor was placed on the external wall of the equipment in order to measure the velocity of the multiphase
mixture between the two concentric cylinders. For this experimental setup, the sensor was located at three
different points as shown in Fig. 13. Multiple repetitions were made, and the final results are presented in
Table 7. Values for velocity from the CFD simulation are presented as well.

5.2 Air plume oscillation

A total of 30 s of the PBR’s operation was simulated using the present CFD model. A time step of 0.1 s was
used, in order to capture the fast-changing transient process at the beginning of the simulation.

Figure 14 compares the behavior of the air plume during the simulation, with the dynamic of the real
multiphase flow. It is important to point out that the CAD used during the simulation has been adjusted to fit
the level reached by water in the photobioreactor (close to the middle of circulation windows).
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Fig. 14 PBR experimental and CFD results at t = 1 s (left), t = 7 s (right)

After 1 s, air bubbles have started to rise in the PBR. After 7 s, the air phase reaches the top of the riser and
the air plume begins to oscillate, as shown in Fig. 14. According to these results, there is a suitable agreement
between computational predictions and experimental behavior of the system.

From the presented results, in which some hydrodynamic variables of the process were studied, it is feasible
to have a reference point to start an optimization for the operation of the PBR for microalgae culture.

6 Conclusions

A two-dimensional CFDmodel was used to simulate the multiphase flow in an airlift photobioreactor. Accord-
ing to the results, the mathematical model employed for describing the hydrodynamic variables leads to
accurate predictions when compared to experimental behavior. From air volume fraction contours, it is evi-
dent that the riser has a higher presence of bubbles, with volume fraction close to zero in the downcomer.
This characteristic allows the continuous phase as well for microalgae to have a complete recirculation at the
specified inlet air volumetric flow. However, it is observed that microalgae cells have a slight accumulation at
the lower section of the downcomer. This could be a consequence of the quasi-stagnation condition found at
this area. Design improvements might be accomplished in order to avoid this phenomenon. Evidence showed
microalgae sedimentation at that region of the actual PBR.

From the kinetic behavior of microalgae, we conclude that because of the small size of the microorganisms,
they follow the water velocity vectors and describe a flow pattern similar to that of the continuous phase.

Turbulent kinetic energy and turbulent dissipation rate have similar distribution along the photobioreactor.
Both of them exhibit their highest magnitudes at the top and at the middle regions of the riser, which indicates
that the interactions among the phases have an influence on the distribution of these two variables.

These results, supported by the experimental observation, demonstrate that simulation is a powerful tool
for a thorough comprehension of the photobioreactor behavior, and that it could be used to visualize operation
conditionswith higher cell density that obstructs optical devices. That is especially important when considering
that an average photobioreactor should yield a biomass density thirty times higher than that used in our
experiment.

Visualization of the operation conditions might also be useful for improving photobioreactor design. Mod-
eling techniques could be used to eliminate dead zones like those found in the bottom of the reactor. A smaller
and more efficient reactor might be achieved with minimum construction costs.
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