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Abstract: In this study the fluid flow was simulated with using computational fluid dynamics in Bubble-column
photo bioreactor. The effects of design parameters such as diameter and numbers of the spargers were studied.
With analyzing the hydrodynamic results, optimum values of photo bioreactor were selected. The results
showed  that  by  increasing  the  diameter  of  the  holes,  inlet  air  flow and the fluid velocity was increased.
By  increasing  the number of spargers the effect of the photo bioreactor’s walls were enhanced. Parameters
such as dead zone volume, the average of turnaround time and the turbulence were used for hydrodynamic
analysis of the effect of size and number of the spargers and choosing the optimum photo bioreactor
parameters. The results of the analysis showed that increasing in the number and diameter of the spargers, will
decrease the percentage of the dead zone volume. The average of turnaround time was decreased by increasing
number and diameter of the spargers. According to the hydrodynamic criteria, for the imposed conditions,
photo bioreactor with 6 spargers and diameter of 3 mm and a photobioreactor with 12 spargers and diameter of
2 mm will be the most efficient photo- bioreactors.
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INTRODUCTION microalgae growth. Increasing gas speed, which contain

During the last decade, the bubble-columns photo but due to enhancing shear forces it can cause the death
bioreactors which are highly effective for the growth of of more cells [3]. Barbosa and Wijffels have been
photosynthetic cells, has considered. The advantages of evaluated the effect of shear force on microalgae in the
these photo bioreactors that can be mentioned are: simply spargers; and found that the main cause of cells death are
design, fixed parts, easy to use and build on. In these bubbles [4].
photo-bioreactors, heat and mass transfer are desirable Various reports indicate that, in different cultures,
and because of low input energy requirement, the microalgae have different growth rate. Therefore the
operating costs of this photo-bioreactor are less than geometry  of  photo-  bioreactor  is  important. Camacho
other photo-bioreactors. Design of this photo bioreactor et al. (2000) indicated that increasing of medium height,
has a major effect on the flow field and the rate of cell rises the mortality rate. Increase in the medium height
growth [1]. Therefore, different geometries investigated increases turnaround time and reduces the effects the rate
that were shown in Table 1. of photosynthesis. Fast rotation is significantly increases

 The main limitations in the cases with high density photosynthesis [5]. In recent decades, numerical
are mixing, mass transfer and desirable light penetration. simulation is used for analyses the reactors which are
These  factors  are  completely  related  to   each  other. used by industries. Today, computational fluid dynamics,
For example, penetration and distribution of light in the used to simulate engineering and physical systems
photo bioreactor are affected by the mixing parameters spaciously. This method is used for predicting the
that these parameters are influenced by the gas hydrodynamic behavior of the unstable systems at any
distribution methods [2]. Bubbles that come from the given moment. Hydrodynamic flow in the photo
bottom of the reactor, are the main reason of flow field in bioreactor has important role in providing the suitable
bubble-column photo-bioreactor. In addition to the mass environment for cell growth. Flow field effects on mass
transfer, bubbles provide CO  which is required for transfer  and  gas  hold  up which in the photo-bioreactors2

high percentage of air, although can improve mixing rate,
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Table 1: Simulations employed on a variety of photobioreactor
Type of Photobioreactor Used model Result of Research Used software Ref
Cylindrical bubble-column k- Study on Photobioreactor for producing biodiesel Fluent [8]
Flat k- Reviews instability of mixing in photo-bioreactors Fluent [9]
Cylindrical bubble-column k- Study on large photobioreactor for production of microalgea Fluent [1]
Rectangular bubble-column k- Drag formulation to describe the transition flow regime Fluent [10]
Cylindrical bubble-column k-  Use of VOF model to study the effects of air distributor Fluent [11]
Cylindrical bubble-column k- simulation of Gas- Liquid- solid flow Fluent [12]
Flat k- Study on hydrodynamic of flow and improvement of photobioreactor Fluent [13]

are among the important parameters for delivering CO equation expresses change in the rate of the mass and2

and nutrients to the cells [1]. Camacho et al., (2000) have second term represents the change in mass by convection
examined the impact of gas hold up and mass transfer currents and V represents the flow velocity vector which
coefficient on bubbles moving, using computational fluid is in term of meters per second.
dynamics [5]. Similar work has been done by Van Baten
and Krishna (2002) where they have been studied the Momentum conservation equation:
specifications of bubbles inside the photo- bioreactor in
the states of homogeneous and heterogeneous flow
regimes. Their results showed that in the heterogeneous
flow regime, the larger bubbles focus in the core of the In this regard P indicate static pressure, g is the
reactor while smaller bubbles are broadcast [6]. gravitational force, F is foreign forces and  is the stress

Yamashita and Suzuki have been studied the gas tensor as is defined as follows. In this regard µ is the
hold up inside the photo bioreactor. Gas hold up is one of dynamic viscosity and I is the unit tensor.
the most important parameters for design of bubble-
column reactor. Results of their work showed that gas
hold up is depending on many factors, such as speed of
gas and liquid, physical properties of liquid and gas, form Energy conservation equation:
of spargers and bed height [7]. 

Computational Fluid Dynamics: In the multi-phase flow,
computational fluid dynamics provide a powerful tool for
studying the flow field inside the reactor. This tool uses In this equation E is the total energy in terms of Joule
computer and numerical methods for solving problems. (j), K  is effective conductivity (cal / s), j is penetration
Methods  of  computational  fluid dynamics, solves flux in terms of (kg / m .s), h is specific enthalpy (kcal /
Navier-Stokes equations for each cell in the computational kg),  is effective stress tensor (Pa ) and Sh is the total
domain by numerical model. Today, computational fluid entropy (j / k).
dynamics is a powerful tool to overcome the limitations of
laboratory and cost savings. By using computational fluid Equations of Volume Fraction ( ): This equation is a kind
dynamics, it is possible to analyze the factors affecting
performance of photo bioreactor. However, predicting
flow field inside the photo bioreactor by using laboratory
tests is very difficult [1].

Mass conservation equation:

This is a general form of the mass balance equation,
which is true for incompressible and compressible flows.
In this equation, S  (Mass Source) is a term that will bem

added in the case of multi-phase flows. The first term of

eff
2

eff

of continues equation which is written for the single and
multi-phase volume. This equation is useful for tracking
the effectiveness of the interface between the phases. The
equation for (q) phase is as follows: 

In this regard, the statement  is indicates theq

volume phase of (q) and term S  (source term). M  andáq pq
o

m words respectively are expressing mass transfer fromo
qp

(q) phase to (p) phase and mass transfer from (p) phase to
(q) phase.



. .( )
k

i
kkk k k k k k k k k k k k k

k k
k u k v k G

t
∂ + ∇ = ∇ + ∇ + − + Π
∂



1 2. .( ) {
k

i
k kkk k k k k k k k k k k k

k k k
u v c G c

t k
∂ +∇ = ∇ + ∇ + − + Π
∂



2
t kC=

Middle-East J. Sci. Res., 25 (3): 471-481, 2017

473

In CFD modeling, selecting turbulence and multi-phase models are important. Therefore, for obtaining exact
solutions multi-phase and turbulence models are essential.

For turbulence K-  RNG model was used. It is given in the following equations. For derive the equations k and ,
it is assumed that the flow is completely turbulent and governing equations expressed by the following equations:

Equation k:

Equation :

Slimy mess in the above equation is calculated For modeling, the fluid in section (a) is air and in the
according to the following equation:

Constants of the last equations are as follow:

Modeling of Photo-Bioreactor: In this paper, a cylindrical
photo bioreactor with dimensions of 1.2 × 4 meters was
investigated. Geometry of the photo bioreactor generated
with using Gambit 2.4.6 software and was networked by
using this software. Schematic of the photo bioreactor
was shown in Figure 1. Generated geometry was
transferred to Fluent software and simulation was
performed with this software. For choosing the size of
meshes, nets such as 0.002, 0.003, 0.004 and 0.005 were
used and with comparison of the obtained results, mesh
with size of 0.003 was selected.

According to Seo, et al., (2012) VOF model, one of
the models for the study of gas-liquid flow, was used to
simulate. For turbulence model k-  RNG was used [13].
Due to the complexity of the equations, to simplify the
equations and reduce the time of calculation, the
following simplifying assumptions have been used:

Isothermal conditions prevail.
System is two-dimensional.

Fig. 1: Schematic diagram of the photobioreactor.

section (b) is water. The main characteristics of the fluid
that is needed for Numerical solution of the equations are
density, viscosity and surface tension. Inlet air enriched
with the amount of 2.5 percent carbon dioxide and also,
the ideal gas model is used to express density. Since the
density of microalgae is approximately close to water, so
properties  of  water were used for the cultural medium.
Due to Seo et al., report, the tension between the medium
and the air was considered 0.048 Nm  [13]. In this work,1

the effect of number and diameter of the spargers on the
flow, which are inside the photo bioreactor was
investigated. For number of the spargers, 3, 6 and 12 and
the diameter 1, 2 and 3 mm were considered. Parameters
such as; percentage of the dead zone, the average
turnaround time and the mess were used to evaluate the
performance of photo bioreactor. The reason of this
selection was for review the influence of flow field on
microalgae growth in the photo-bioreactor.

Growth of microalgae in photo bioreactors, strongly
depends on the amount of input flow of carbon dioxide.
The proposed amount of inlet CO  with air according to2

Wu  is  3%  [14]  and according to Silva et al., is 2% [15].
In this work, the rate of 2.5% was used, which is average
amount of above data.

RESULTS AND DISCUSSION

In this section, the results for effect of number and
diameter of the spargers on the flow field inside the photo
bioreactor are given. Velocity distribution in the photo
bioreactor, the percentage of the dead zone and the
average   turnaround   time,   with   simplifying
assumptions and solving simultaneous equations of the
systems and appropriate boundary conditions, obtained
as two-dimensional.
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Fig. 2: Cross-sections location from bottom of the
photobioreactor

Fig. 2: Positions of Cross sections.

Effect of Design Parameters in Flow Field: In this
section, the effect of number and diameter of spargers on
the flow field was studied. To investigate the flow field
inside the medium, 3 cross section perpendicular to the
flow path was chosen and velocity distribution were
studied. The cross-sections location are shown in Fig. 2.

Diameter of the Spargers: To study the effects of
diameter of the spargers, the diameters 1, 2 and 3 mm
selected and their effect on the flow field was studied. The
velocity profiles were plotted in three different cross
section as shown in Fig. 2.

From Fig. 3, it can be seen that, by increasing the
diameter of spargers fluid velocity increases because the
rate of input gas rises by increasing the diameter of the
spargers, so the kinetic energy, which can surge the
velocity of the fluid, increases. Also, with increasing the
speed, the flow lost its plug movement form and speed
profile comes in the form of a share.

Effect of Number of Spargers: To evaluate the effect of
the spargers, 3, 6 and 12 spargers were selected and their
effects on the flow field were studied. To do this, the flow
field was drawn in three different cross-sectional areas
and was compared with each other. The obtained results
showed that near the photobioreactor’s walls we have
more  speed.  Near  the walls speed increases because
there is greater turmoil and whirlpools are also stronger.
By increasing the number of spargers, the effect of the
walls increases. By increasing the number of spargers
near the wall, the amount of air flow near the wall and the
mess are increases.

The speed profile were plotted at different times in
various cross sections for one reactor. Fig. 5 reveals that,
over  time,   in   all   cross-sections,   the  speed  increases.

Table 2: Percentage of dead zone for different bioreactor
Number of spargers
----------------------------------------------------------

Diameter of spargers 3 6 12
1mm 34.58 22.39 20.21
2mm 17.86 14.62 9.15
3mm 8.76 6.12 4.07

Table 3: Average turnaround time for simulated bioreactor
Number of Spargers
----------------------------------------------------------

Diameter of Spargers 3 6 12
1mm 29.5 S 24.3 S  16.7 S
2mm 23.3 S 17.6 S 11.9 S
3mm 17.2 S 12.8 S 8.2 S 

The reason is also that, over time, turbulence and
turbulent kinetic energy increases. Whatever this energy
enhance, hydraulic resistance decreases and then
increases the speed. In Fig. 6, the volume for different
periods are shown

Choosing a Suitable Reactor: By using the characteristics
of the dead zone percentage, the average turnaround time
and the mess, the best photo bioreactor was introduced
on the bases of hydrodynamic field.

For the best photo bioreactor, the following criteria
were used:

The percentage of the dead zone is less than 10%.
The average turnaround time should be less than 15
seconds.
The mess should be low to moderate.

Based on the above criteria, photo bioreactor with 6
spargers and diameter of 3 mm and photo bioreactor with
12 spargers and diameter of 2 mm are the best photo
bioreactors for the conditions imposed.

According to Yu et al., (2009) percentage of the dead
zone, is the volume of the medium that the flow speed is
less than 0.001 m/s [16]. To get this volume, first, velocity
is  plotted  in  Fluent software for speeds greater than
0.001 m/s, then the images were analyzed with using image
package processing in MATLAB software and percent of
the dead zone were calculated. Dead zones causes the
deposition of cells that cause cell death and anaerobic
decomposition, thus the quality of the product decreases.

After analyzing the images of the dead zone in
different samples, results are shown in Table 2. According
to results, it is clear that by increasing the number and
diameter of the spargers the percent of the dead zone is
reduced. By increasing the number and diameter of
spargers, the flow rate of inlet air of the photo bioreactor
increases and thus the velocity of the fluid increases [17].
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Fig. 3: Velocity distribution in the reactor with 6 spargers at a distance: (A) 0.2 m from the bottom of the photo-
bioreactor, (B) 0.4 m from the bottom of the photo-bioreactor, 0.6 m from the bottom of the photo-bioreactor
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Fig. 4: Velocity distribution for photo-bioreactors with different number of spargers and a diameter of 1 mm in cross-
section: (A) 0.2m (B) 0.4m (C) 0.6m
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Fig. 5: Velocity distribution for cross section (A) 0.2 m (B) 0.4 m (C) 0.6 m, for photobioreactors with 6 spargers and
diameter of 1 mm in different times
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Volume fraction for the reactor with 6 spargers and diameter of 1mm in second: (A) Zeroth (B) Second (C) Fourth (D) Sixth
(E) Eighth (F) Tenth
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Fig. 7: Distribution of turbulence intensity for photo-bioreactor with: (A) 3 spargers (B) 6 spargers (C) 12 spargers in the
gas-liquid interface
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To calculate the average turnaround time, particle REFRENCES
tracking features of Fluent software is used. The average
turnaround time is the period of time that the particles exit
the spargers and rich to the gas-liquid interface and again
back to the bottom of the reactor. According to Table 3,
the average turnaround time is reduced by increasing the
number and diameter of spargers. The reason for this
phenomenon, such as the percentage of the input area, is
due to the velocity of the fluid.

As shown in Fig. 7, to investigate the mess, the
diagram of this parameter, is drawn at the gas-liquid
interface. By increasing in size of spargers, speed
increases, thus rises the kinetic energy of the fluid.
Although the growth rate of microalgae increases by
increasing turmoil at the beginning, but after a while,
turbulence increases strongly and reduced growth of
microalga.

CONCLUSIONS

In this study the flow field inside the photo reactor
was simulated using Fluent software. The effects of
design parameters such as the number and diameter
spargers on the flow field were studied. Finally the most
appropriate photo bioreactor was chosen. By increasing
the number and diameter of spargers the following results
achieved:

Fluid velocity increases with increasing diameter of
spargers.
In the same number of spargers speed is higher for
larger diameter.
In the photo-bioreactor with constant diameter, speed
is faster near the photobioreactor walls
Over time the fluid velocity increases inside the
photobioreactor
By increasing the diameter, feed rate increases.
Dead zone percent is reduced by increasing the
number and diameter of spargers.
By increasing the number and diameter of spargers,
the average turnaround time is reduced.
Turbulence intensity increases with increasing
diameter of spargers

According to the criteria listed, the Photobioreactor
with 6 spargers and 3mm in diameter and with 12 spargers
and 2 mm in diameter are most appropriate
Photobioreactors for the conditions imposed.
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