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Concern for the environment is a current trend. Due to problems with the greenhouse effect, biohydrogen
emerges as an interesting source of energy: its combustion does not emit carbon dioxide into the atmosphere,
and its production by fermentative routes also contributes to the environment by the consume of wastes.

In this work, Computational Fluid Dynamics (CFD) technique is applied to study the flow in a bioreactor used
for biohydrogen production, using different distributors for the injection of the recirculating liquid mixture inside
the reactor. Inlet configurations with seven and nineteen pipes, direct downward and upward, were compared
to the original configuration, with one pipe. Results indicate that the use of a distributor with a larger number of
pipes provides higher turbulence inside the reactor, when directed downward. This means a better mixture of
the phases, which can improve the reactor efficiency.

1. Introduction

Fossil fuels have played a fundamental role in the industrial development and are responsible for fulfilling
80 % of energy demand globally. However, this energy system is now facing two fundamental problems:
gradual depletion and environmental pollution. This lack of sustainability has led to extensive research on new
alternative energy sources (Brey et al., 2006).

Among various alternative energy sources, biohydrogen is regarded as the most promising future energy
carrier, due to its low cost and ability to transform waste into environmentally friendly materials
(Jung et al., 2011). The main challenges are the low hydrogen yield and production rate which can be
improved by determining the optimal bioreactor design (Show et al., 2011).

For a successful design and scale-up of a bioreactor, understanding the inlet configuration influence on the
flow is crucial. The inlet stream can be used to promote mixture in the reactor. The promotion of mixing is
critically important to ensure the availability of nutrients and other essential substances to the growing cells
(Bannari et al., 2011). Poor distribution of the flow is generally caused by imprecise design and fabrication of
the distributor, which will generally increases back-mixing and decreases the driving force of mass/heat
transfer (Fan et al., 2009).

Recent advances in CFD modelling and availability of low cost and high speed computers have allowed
performing three-dimensional simulations of complex multiphase flows. CFD strategy already developed for
simpler gas-liquid vessels can be applied to the design of bioreactors (Montante et al., 2013).

In this work, the OpenFOAM 2.2.0 is used, to simulate the gas-liquid flow in a bioreactor used for biohydrogen
production. The aim of this paper is to evaluate the effects of different inlet configurations on mixture inside an
anaerobic sequencing bath reactor (ASBR), which can affect hydrogen production.
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2. Methodology

An pilot scale ASBR with internal diameter of 0.604 m, height of 3.8 m and a total capacity of 1,000 L has
been employed. To study the influence of the inlet configuration on the mixture inside the reactor, a total of
five configurations were evaluated. The first (Case A) considered one pipe, located at the center of the bottom
of the bioreactor. This configuration, which has a conical region at the base to minimize the presence of “dead
zones”, is already operating in a pilot plant for biohydrogen production. Cases B and C considered seven
pipes directed upward and downward respectively. In Cases D and E nineteen pipes were considered,
directed upward and downward respectively. In all cases, the inlet and outlet pipes had 40 mm of diameter.
Figure 1 illustrates these configurations, and Table 1 summarizes the simulated cases. The gas outlet is
placed at the top of the reactor, and the liquid recirculation pipe is located at its lateral surface.
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Figure 1: Schematic view of the bioreactor and the inlet configurations used in Cases A, B, C, D and E.

Table 1: Characteristics of inlet configurations used in Cases A, B, C, D and E.

Case Number of inlet pipes Direction
A 1 up
B 7 up
C 7 down
D 19 up
E 19 down

Tests were performed using seven mesh sizes ranging from 60,000 to 210,000 control volumes in a previous
study (Maurina et al., 2013), and it was verified that a mesh with approximately 130 thousand control volumes
is sufficient to predict accurately the flow in this bioreactor. Higher refinement was applied both near the inlet
regions, to capture correctly the effect of the different distributors on the flow, and near the outlet regions,
which can present higher velocity gradients. Due to differences in the geometries, small changes were
necessary to adapt the mesh to each case.

A three-dimensional, transient, Eulerian-Eulerian two-phase fluid model was adopted to describe the flow
behavior of each phase. Thus, gas phase (biogas) and liquid phase (a mixture of substrate and activated
sludge) are treated as different continua.

The coefficient of the drag force exerted by the gas phase on the liquid phase was obtained using the Zhang
and Vanderheyden correlation. The lift force coefficient was calculated using the Legendre and Magnaudet
correlation. The virtual mass force was also considered, using a constant value of 0.5 for its coefficient
(Auton et al., 1988). The k-e turbulence model (Launder and Spalding, 1973) was applied to account for the
turbulent behavior of the mixture.
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The recycling flow rate was maintained constant, equal to 2.25 L/s. In order to maintain the volume of liquid
constant in the reactor, a function was applied to calculate the amount of liquid that leaves the reactor through
the lateral pipe, and use it as an inlet condition,

U out Aout (1_°g,out)
dg,n =1-
‘ Ulin Ain

(1)

where Ui is the liquid velocity (m s™), ag is the gas volume fraction (m® m-3) and A represents the boundary
area (m?2). Other conditions applied to carry out the simulations are given in Table 2. In all cases, gas is
injected through the entire base of the reactor, to make the distribution of the bubbles as much uniform as
possible, as expected in a bioreactor. A gas flow rate of 0.0925 L/s, which corresponds to the biogas
production in the pilot bioreactor, was applied.

Table 2: Operational conditions and physical properties used in the numerical simulations.

Operational Conditions

Liquid flow rate of 2.25 L/s

Inlets Gas flow rate of 0.0925 L/s

Outlet Pressure of 1 atm

Walls Smooth surface, non-slipping condition for both phases

Physical Properties
Phase Density Kinematic Viscosity
Disperse (gas) 0.089 kg/m?® 8.4x10° m?/s

Continuous (liquid) 1,009.7 kg/m? 1.0x10¢ m?/s
Bubbles Diameter 1 mm

The coupling between the pressure and velocity fields is done according to a mix between the SIMPLE and
PISO algorithms. The total simulation time for each simulation was 300 s. There was verified that 200 s are
needed to stabilize the flow, comparing average results obtained with different flow times. Thus, only the last
100 s were used to calculate average values. During the simulations, as convergence criterion the total
residue was kept below 107, and as stability criterion the Courant-Friedrichs-Lewy (CFL) condition of less than
one was applied:

At
CFL=U—

Ax (2)
where U is the mixture velocity (m s™), tis the time step (s) and x is the control volume size (m).

3. Results and Discussion

Simulations were carried out, and average values were collected. Average values are presented in the figures
below, which show transversal sections of the reactor along its height. It should be noticed that not all of the
inlet pipes of each case can be seen in these transversal sections. Liquid velocity fields obtained in all cases
can be seen in Figure 2. In the simulation of Case A (Figure 2A), the use of only one inlet pipe resulted in an
inlet stream with higher velocity (2.07 m/s) at the bottom of the reactor. It should be noticed that even though
the inlet configuration is symmetric, turbulence inside the reactor causes asymmetries in the flow. The use of
distributors (Figures 2B, 2C, 2D and 2E) resulted in a more uniform velocity distribution. The use of more inlet
pipes also caused the liquid to be fed in the reactor with a lower velocity, in order to maintain the same inlet
flow rate. Nonetheless, it is interesting to note that Case E, with nineteen pipes, resulted in values of liquid
velocity as high as 0.2 m/s along the center of the reactor (Figure 2E).



Figure 2: Average axial liquid velocity obtained in Cases A, B, C, D and E.

Figure 3 shows details of the bottom region of each case, with vector fields of the liquid velocity. Figure 3A
shows the higher velocity of the inlet stream present in Case A, which dominates the flow in this region. Case
B, which considered a distributor with seven pipes direct upward, is shown in Figure 3B. Liquid velocity is
higher at the pipe shown, and the other inlets caused the presence of vortices in the average liquid velocity
field. In Case C, there are seven pipes directed to the bottom of the reactor (Figure 3C). This caused the flow
to be more uniform overall, except near the distributor walls. Nineteen pipes directed upward were used in
Case D, which resulted in the most uniform velocity field, near the inlet zone, as can be seen in Figures 2D
and 3D. Figure 3E presents the vector field obtained using nineteen pipes directed downward (Case E).
Different from Case D, in this case the velocity field is not uniform: large vortices can be seen above the

distributor structure. In Case E, it is shown that the distributor structure affects strongly the flow pattern.
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Figure 3: Vector fields at the inlet region obtained in Cases A, B, C, D and E.
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The average turbulent kinetic energy (k) fields obtained for each case are presented in Figure 4. As expected,
the higher velocity found in Case A resulted in higher turbulence near the inlet region, which is propagated
through the reactor. Higher values of k were also observed near the top of the reactor, close to the liquid free
surface, and at the lateral outlet, for all cases. In this region, liquid accelerates due to the recirculation pipe.
The use of distributors directed upward (Figures B and D), which caused a more uniform liquid velocity,
resulted in lower values of turbulence. In Figure C, it can be seen that the use of seven pipes directed to the
bottom of the reactor resulted in an almost uniform field for turbulent kinetic energy, except for the higher
values found near the top of the reactor. This is the same behavior found using nineteen pipes (Figure 4E),
which resulted in higher values for turbulence throughout the reactor.
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Figure 4: Average turbulent kinetic energy fields obtained in Cases A, B, C, D and E.

Mean values for turbulent kinetic energy were calculated for each case, weighted by the liquid volume present
in each control volume, according to the equation:

Zka,
qu ©)

where K is the turbulence kinetic energy, a is the liquid volume fraction and V is the volume of each control
volume.

Figure 5 presents the values obtained using Equation 3 for each case. Case A resulted in a mean value of
0.0014 m?s2. The use of distributors direct upward (Cases B and D) resulted in approximately 0.0011 m?#/s? of
mean turbulent kinetic energy. This represents nearly 20 % of reduction of the turbulence inside the reactor.
Case C resulted in a flow as turbulent as in Case A. In Case E, the calculated mean turbulent kinetic energy
was 0.0018 m?#/s2. This indicates that, using this distributor, the turbulence can be improved with 27 %.
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Figure 5: Mean turbulent kinetic energy values calculated for Cases A, B, C, D and E.
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4. Conclusions

Simulations of gas-liquid flow in a bioreactor with different inlet configurations were carried out in this work.
Results showed that the use of distributors can affect the flow field. The turbulence throughout the reactors
evaluated showed a dependency on the inlet configurations. The use of more inlet pipes, directed upward,
provided a more uniform flow, but also resulted in a less turbulent flow field, which can cause a poor mixture
inside the reactor.

When considering distributors directed to the bottom of the reactor, the use of a distributor with seven pipes
resulted in a flow as turbulent as the original case, with only one inlet. A configuration with nineteen pipes
resulted in the most turbulent flow field, indicating that the use of a distributor with large number of pipes direct
downward can improve the mixture of the phases in this bioreactor.
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