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Abstract: This work performed a three-dimensional numerical study to describe the hydrodynamics
of upflow anaerobic sludge blanket reactor treating domestic wastewater. The simulations were made
in the commercial software Ansys CFX®. Different inclinations of the gas deflector were considered,
to assess its influence on the velocity field inside the reactor. In order to validate the numerical study,
we used experimental data regarding the inflow, the inlet and outlet concentrations of the organic
matter, the concentration of solids at the liquid-gas interface and at the reactor outlet, and the pressure
field inside it. The comparison between the numerical and experimental results demonstrated small
differences. The mathematical model used to describe the hydrodynamics flow in the UASB reactor
was quite satisfactory since it adequately has reproduced the physical behavior inside the reactor.
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1. Introduction

Anaerobic processes have been used in the treatment of concentrated, domestic and industrial
wastewater for more than a century, but interest in anaerobic processes as the main biological stage
(secondary treatment) in wastewater treatment emerged with the development of the upflow anaerobic
sludge blanket reactor (UASB). Currently, the UASB reactor is the most popular anaerobic system
of high rate used in wastewater treatment, especially in tropical countries, often being used for the
treatment of wastewater with different concentrations of both soluble and complex organic matter [1–9].

The satisfactory performance of UASB reactors is mainly due to the formation of compact granular
sludge, which ensures high specific methanogenic activity and high settleability [8,10–12], which occurs
naturally and spontaneously when the environmental conditions are suitable for self-immobilization
of bacteria [13–15]. These factors allow the reactor functioning with reduced hydraulic retention times,
which implies smaller dimension equipment and lower cost [16,17]. Other important advantages,
typical of anaerobic systems, include low sludge production, no aeration, and production of methane
gas [18–21].

Among the negative aspects of UASB reactors can be cited the need for post-treatment, since
anaerobic processes produce effluent with residual constituents, such as dissolved gases, organic
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matter, suspended solids, nutrients (phosphorus and nitrogen), and pathogenic organisms. Another
important factor concerns the lack of information regarding flow dynamics and its impact on processes
occurring in different designer reactors [6], resulting in the development of projects based on empirical
relationships and not considering the fluid dynamic behavior.

A UASB reactor consists of a continuous three-phase system (liquid, solid, and gas) and thus
inserted in multiphase systems class that, depending on the flow parameters and system characteristics,
such as velocity, pressure, density, and volume fraction, may have different flow regimes. Peña et
al. [22] reported that different factors such as intensity of mixing, temporal and spatial variations of the
mixture, degree of segregation of the material, and intensity and bubble pattern of the biogas affect the
hydrodynamic behavior of these reactors.

Thus, the performance of UASB reactors can be affected by several physical factors (upward
velocities of the liquid, gas and solid, interfacial mass transfer between the phases, and axial dispersion)
and biochemical variables, which makes very complex the analysis of fluid dynamic behavior inside
the device. For this reason, it is essential to develop studies related to fluid dynamic behavior inside
the device, under specific conditions, in particular, the effect of deflectors on the reactor performance,
seeking to understand the phenomena involved in the flow behavior and thus, to contribute for the
optimization of this device.

According to Vieira and Garcia Jr. [23], the deflectors of the UASB reactor have as function the
multiphase separation of biogas. Therefore, it should be designed to prevent biogas diversion to the
reactor settling region by driving the biogas through the equipment into the gas chambers. The authors
suggest a minimum overlap of twenty centimeters between the reactor settler wall and the deflector, in
order to avoid gas loss.

Van Lier et al. [24] reported that, deflectors are responsible to directing biogas and to diverting
upward solids from the opening to the settling zone. In this work, they authors showed different types
of deflectors: (a) an inverted V-shaped deflector with coupled pipes below the top of the deflector.
This deflector type allows the liquid-biogas-solid mixture to enter, with the formation of a gas-liquid
interface in the upper region, causing the foam formation. This situation can cause present clogging
and uncontrolled gas discharge, with possible leaks to the settling, which is not interesting for the
equipment, (b) a deflector configuration similar to the first one, but now, the pipes are located at
the deflector top, preventing the appearance of the gas-liquid interface, consequently avoiding the
problems caused by interface. In other situation, unlike the two previous deflectors, they authors
present a new design of the deflector with the closed lower region, also preventing the formation of the
gas-liquid interface, however, with the possibility of biogas drag to the settling zone. The last project
also presents a closed configuration; however, different from the previous one, the baffle’s inferred
section is slanted, solving the problem of biogas escapement.

Lin and Yang [25] in their work about an UASB reactor have reported the use of deflectors at
the settler inlet to facilitate biogas collection using the natural tendency of gas to flow vertically in
liquids. The authors suggest employing a deflector with an inclination of approximately 50◦ with
the horizontal that was considered adequate to avoid settling sludge entrapment in the settlers. In
addition, the authors state that the liquid gas interface within the cone is a critical design factor, so this
region should be kept well agitated with a small area to facilitate trapped gas escape and consequently
avoid foaming.

In this context, a viable alternative for this study is the numerical simulation using sophisticated the
mathematical models previously defined and implemented in a computer. This allows the verification
of the adopted model and enables the study of optimal and actual operating conditions of this treatment
system. In this way, in 2D space, Lima et al. [26] conducted a study of a UASB reactor treating domestic
wastewater. The comparative analysis of the numeric and experimental results of the pressure and of
the sludge concentration in the exit of the reactor presented differences of the order of 2 kPa and of 10
mg/L, respectively, thus, being considered satisfactory. However, there is still little research in this area,
especially in a 3D approach.
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Therefore, this work conducted a theoretical study to describe the hydrodynamics of a UASB
reactor treating domestic wastewater. A mathematical model in three-dimensional space was used
to obtain a numerical solution for the model, using the commercial software Ansys CFX. There were
considered different inclinations of the gas deflector to assess its influence on the velocity field inside
the reactor.

In order to support and validate the numerical study, experimental data obtained by Lima et
al. [26] will be used especially inlet volumetric flow rate to the reactor, the concentration of solids at
the liquid-gas interface, and at the reactor outlet and the pressure field inside it in different locations.

2. Materials and Methods

Simulations of multiphase flow inside the UASB reactor were carried out with the aid of commercial
package CFX versions 4 and 10.

2.1. Mesh Generation

Due to the great complexity of the problem, especially by the presence of a porous area (sludge
bed), for simplification, there were not considered conical region of the reactor (comprising the sludge
bed), the input ducts (reactor feeding), output ducts (collection of effluent) and the sampling collection
ducts (along the reactor height) and thermal and mass transfer effects between phases.

For the study, two meshes were made in three-dimensional space, one with inclination of the
deflector upwards and one downwards. Then, twelve refinements were performed in order to eliminate
the dependence of the results on the mesh.

Figure 1 shows the distribution of the spacing between the elements obtained with the aid of
command ‘mesh seed’ in the CFX®. Figures 2 and 3 illustrate the meshes resulting from this refinement,
with the deflector slope upwards (67,875 hexahedral elements) and downwards (81,630 hexahedral
elements), respectively, which were used in the numerical simulations. These figures show the deflector,
the three-phase separator and the sections of inlet (liquid, biogas and sludge), outlet of biogas (inside
the three-phase separator) and the outlets of liquid and sludge (top of the reactor). Figures 2 and 3c–e
illustrate the sections of inlet and outlet of biogas and outlet of three phases on the xy plane at the axial
positions z = 0 m, z = 2.29, and z = 3.58 m, respectively.

Water 2020, 12, 279 3 of 21 

 

Therefore, this work conducted a theoretical study to describe the hydrodynamics of a UASB 
reactor treating domestic wastewater. A mathematical model in three-dimensional space was used 
to obtain a numerical solution for the model, using the commercial software Ansys CFX. There were 
considered different inclinations of the gas deflector to assess its influence on the velocity field inside 
the reactor. 

In order to support and validate the numerical study, experimental data obtained by Lima et al. 
[26] will be used especially inlet volumetric flow rate to the reactor, the concentration of solids at the 
liquid-gas interface, and at the reactor outlet and the pressure field inside it in different locations. 

2. Materials and Methods 

Simulations of multiphase flow inside the UASB reactor were carried out with the aid of 
commercial package CFX versions 4 and 10. 

2.1. Mesh Generation 

Due to the great complexity of the problem, especially by the presence of a porous area (sludge 
bed), for simplification, there were not considered conical region of the reactor (comprising the 
sludge bed), the input ducts (reactor feeding), output ducts (collection of effluent) and the sampling 
collection ducts (along the reactor height) and thermal and mass transfer effects between phases. 

For the study, two meshes were made in three-dimensional space, one with inclination of the 
deflector upwards and one downwards. Then, twelve refinements were performed in order to 
eliminate the dependence of the results on the mesh. 

Figure 1 shows the distribution of the spacing between the elements obtained with the aid of 
command ‘mesh seed’ in the CFX®. Figures 2 and 3 illustrate the meshes resulting from this 
refinement, with the deflector slope upwards (67,875 hexahedral elements) and downwards (81,630 
hexahedral elements), respectively, which were used in the numerical simulations. These figures 
show the deflector, the three-phase separator and the sections of inlet (liquid, biogas and sludge), 
outlet of biogas (inside the three-phase separator) and the outlets of liquid and sludge (top of the 
reactor). Figures 2 and 3c-e illustrate the sections of inlet and outlet of biogas and outlet of three 
phases on the xy plane at the axial positions z = 0 m, z = 2.29, and z = 3.58 m, respectively. 

 
Figure 1. Geometric illustration of meshes in three-dimensional space: (a) inclination of the deflector 
upwards and (b) inclination of the deflector downwards. 

Figure 1. Geometric illustration of meshes in three-dimensional space: (a) inclination of the deflector
upwards and (b) inclination of the deflector downwards.



Water 2020, 12, 279 4 of 20

Water 2020, 12, 279 4 of 21 
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2.2. Mathematical Modeling

2.2.1. The model

For hydrodynamic study in UASB reactor considering the liquid (water), gaseous (biogas) and
solid (sludge) phases, real situation in the UASB reactor, it was used the dispersed multiphase model
with interfacial transfer (Eulerian—Eulerian approach).

For this analysis, we adopted the following considerations:

(a) Turbulent and steady state flow regime.
(b) Three-phase turbulent flow consisting of a continuous phase (liquid-α) and two dispersed phases

(biogas-β and sludge-γ).
(c) The biogas produced was considered as being composed of methane (70%) and carbon dioxide

(30%).
(d) Gas bubbles and sludge particles were considered as spherical with a diameter of 0.003 m.
(e) Production of bubbles was considered uniform over the cross section of the sludge blanket,

positioned at 0.44 m from the reactor base.
(f) The interfacial transfer of momentum between the phases α and β is only due to the drag force.
(g) The source of momentum for the external forces depended only on the buoyancy force.
(h) Whereas the gas bubbles and sludge particles were spherical and with scarce distributions, we

used the following correlations for the determination of drag coefficients [27], for the biogas/water
pair of fluids, and Schiller and Naumann [28] for the solid/water pair.

(i) The biochemical reactions effects have been disregarded.

Based on the considerations mentioned above, the fluid dynamic behavior of the UASB reactor
was studied using the equations of mass conservation (1) and linear momentum conservation (2, 3 and
4) described as follows:

- Mass conservation:
∇•

(
rαρα

→

Uα
)
= 0 (1)

where r and
→

U are specific mass and velocity vector, respectively.
- Linear momentum conservation:
For the liquid phase:

∇ ·

[
rα

(
ρα
→

Uα ⊗
→

Uα
)]

= −rα∇p +∇ ·

{
rαµα

(
∇

→

Uα +
(
∇

→

Uα
)T)}

+

rα(ρα − ρref)
→
g + c(d)

αβ

(
→

Uβ −
→

Uα
) (2)

where r is the volumetric fraction, p is the pressure, µ is the dynamic viscosity,
→
g is the gravity

acceleration, and c(d)
αβ

is the interfacial drag term between the α and β phases.
For the gas phase:

∇ ·

[
rβ

(
ρβ
→

Uβ ⊗
→

Uβ
)]

= −rβ∇p +∇ ·

{
rβµβ

(
∇

→

Uβ +
(
∇

→

Uβ
)T)}

+

rβ(ρβ − ρref)
→
g + c(d)

αβ

(
→

Uβ −
→

Uα
) (3)

For the solid phase:

∇ ·

[
rγ

(
ργ
→

Uγ ⊗
→

Uγ
)]

= −rγ∇p +∇ ·

{
rγµγ

(
∇

→

Uγ +
(
∇

→

Uγ
)T)}

+

rγ(ργ − ρref)
→
g + c(d)αγ

(
→

Uγ −
→

Uα
) (4)
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where c(d)αγ is the interfacial drag term between the α and γ phases (β and γ represent the dispersed
phases, and α represent the continuous phase).

As a result of being considered turbulence k-ε model, the terms referring to the following
were added:

- Turbulent kinetic energy:

∇ ·

{
rα

[
ραUαkα −

(
µ+

µtα

σk

)]
∇kα

}
= rα

(
pα − ραεα

)
+ T(k)

αβ
(5)

where k is the turbulent kinetic energy, σ is the superficial tension (σk = 1.0 and σε = 1.3), ε is the
turbulent dissipation rate, T(k)

αβ
is the interfacial transfer for turbulent kinetic energy, and µt is the eddy

viscosity expressed by Equation (6).

µt = ρcµ
k2

ε
(6)

where cµ is a constant and equal to 0.09.
- Turbulent dissipation rate:

∇ ·

[
rαραUαεα −

(
µ+

µtα

σε

)
∇εα

]
= rα

εα

kα

(
cε1pα − cε2ραεα

)
+ T(ε)

αβ
(7)

where cε1 and cε2 are the constant model (cε1 = 1.44 and cε2 = 1.92), and T(ε)
αβ

is the turbulent dissipation
rate.

2.2.2. Boundary Conditions and Physical Properties of the Phases

The input conditions specified for all cases studied (inclination of the deflector upwards and
downwards) were: mass flow rate of the mixture 0.004 kg s−1 and volume fraction 0.91, 0.06 and 0.03
for liquid, gaseous and solid phases, respectively. The value of the mass rate was obtained from the
concentrations of organic matter and inlet volumetric flow rate in the reactor, obtained experimentally.
The value of the volume fraction of the gaseous phase was obtained from the estimated COD (oxygen
chemical demand) load at the inlet of the reactor that is converted in methane gas and for solid phase
the data was based on experimental results and in the literature [6,29]. The volume fraction of the
liquid phase was specified to keep the sum of the volume fractions equal to 1 (

∑
rwater + rair + roil = 1).

The boundary conditions specified in the walls of the reactor, gas deflector, and outlet of sludge
and water of the reactor (top of the reactor) are provided in Table 1. For the boundary of biogas outlet
(inside the three-phase separator), the degassing condition was specified, which allows the passage
of the gaseous phase through the boundary and prevents the passage of water and sludge. This
condition is commonly used in distillation columns [30]. Table 2 reports the physical properties of
phases involved in the physical problem treated here.

Table 1. Boundary conditions specified on the field of study.

Location Value

Reactor inlet Uz = 1.0403× 10−4 m/s∗

Ux = Uy = 0

Reactor walls Ux = Uy = Uz = 0
Outlet (reactor top) Static pressure: 98,000 Pa

* Determined from the mean values of volumetric flow rates obtained experimentally.
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Table 2. Physical properties of the phases.

Property Continuous Phase
(Liquid)

Dispersed Phase
(Biogas)

Dispersed Phase
(Solid)

Density, ρ (kg.m−3) 997 0.72 1020

Dynamics viscosity, µ (Pa.s) 8.899× 10−4 1.114× 10−5 1.295× 10−4

Particle diameter, dβ (m) - 0.003 * 0.003 **

Surface tension, σ, (N.m-1) 0.072 -

* According to Narnoli and Mehrotra [6], the average diameter of the bubbles leaving the bed of a UASB reactor is 3
mm (variation range 1 to 4 mm). ** Campos [29] assumes that the average diameter of the bubbles has a range from
1 to 5 mm. Pol et al. [12] reports values solid particle diameter ranging from 0.4 to 4 mm.

3. Results and Discussion

Figures 4 and 5a–c illustrate the isosurfaces of velocities of water, biogas and sludge on the
zx plan, for the geometries of the UASB reactor with inclination of the deflector upwards and
downwards, respectively.

With the analysis of these figures, the isosurfaces of velocities showed similar behavior in both
cases, and as expected, for all phases, higher velocities are found in the regions where there is a
reduction of the cross section for the phases flow (smaller diameter section in the deflector and between
the apertures of the three-phase separator and the reactor walls). The gaseous phase presented the
highest values of velocity. Figures 6–11 evidence the observations above, representing the velocity
vector fields on the zx plane passing through the reactor axis. The detail in the figures comprises
the region between the walls of the reactor and the gas deflector (Figures 6 and 11b. It is clearly
observed the presence of recirculation zones from the increase in the velocity phase in the smaller
diameter section of the deflector, which promotes the drag of the phase between the walls of the
reactor and deflector. The water near the wall falls giving origin to recirculation zones. However, these
recirculation zones (local disturbances, vortices, and reverse flow indicating local turbulence) are more
intense for the solid phase, as can be seen in Figures 8b and 11b.Water 2020, 12, 279 8 of 21 
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In regions between gas deflector and three-phase separator, in detail in Figures 6, 7 and 8c, there
is a gradual contraction and an abrupt increase of velocity vectors when the three phases flow into the
interior of the gas deflector. To the reactor with inclination of the deflector downwards (Figures 9, 10
and 11c), exactly the equal behavior.

For the specific case of the solid phase, considering the different positions of the gas deflector
(Figures 8 and 11c), it is observed that when reached the liquid—gas interface (inside the three-phase
separator), the velocity vectors change direction and return to the region between the gas deflector
and the three-phase separating element, then getting the same direction (upwards) of vectors that
intersect them.

Figures 12–17 demonstrate that, in most situations evaluated, all the involved phases present
different velocity distribution at different axial positions as a function of radial position. The main
differences are obtained by comparing the velocity distributions of the liquid and gaseous phases with
the solid phase velocity distribution, inside the reactor, for both physical situations: reactor with the
deflector inclination upwards and the reactor with the deflector inclination downwards. The smallest
differences were obtained between the velocity for the liquid and gas phases, mainly in the sludge
blanket region.

The comparison of Figures 12–17 indicated the effect of gas deflector inclination (upwards or
downwards) on the velocity distribution in the reactor. Figure 12a–c illustrates the distribution of
the velocity components according to the radial position in three axial positions (0.36, 0.72 and 1.35
m) arranged in the sludge blanket region with deflector directed upwards. It is noteworthy that,
at the axial position z = 1.35 m, the speed profile shows a behavior that approaches the parabolic
profile found in tubes. In this same position in the reactor with the deflector inclination downwards
(Figure 13a–c), there is, due to the sudden contraction of flow at this position, the formation of two
speed peaks and a minimum value at the reactor center. Similar behavior can be verified in Figure 14
(z = 1.65 and 1.98 m) and Figure 16 (z = 2.10 m) corresponding to simulation in the reactor with the
deflector inclination upwards, and Figure 15 (z = 1.80 and 1.98 m) and Figure 17 (z = 2.10, 2.80 and 3.50
m) in simulation in the reactor with the deflector inclination downwards.
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Figure 12. Distribution of the resulting velocity according to the radial position for different axial
positions, z, on the sludge blanket region (upward inclination of the deflector): (a) water, (b) biogas,
and (c) sludge.

When comparing the mean values of upward velocities of the continuous and dispersed phases,
Figures 12–17, for the reactors configurations with deflector inclinations upwards and downwards,
except for the three-phase separator region (Figures 16 and 17b), it is found that mean velocities of
biogas were equal to mean velocities of water, indicating biogas drag by water. Regarding the sludge,
the mean velocity of this phase in the reactor with inclination upwards and at the axial position z =

3.5 m (region of the three-phase separator), was about 10 times less than the mean velocities of water
and biogas, which contributes to the sludge return to the digestion zone (sludge blanket zone) and,
consequently, to increase the cell retention time and to enhance the efficiency of the sewage treatment
process (herein represented by the water, biogas, and sludge mixture).
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Figure 13. Distribution of the resulting velocity according to the radial position for different axial
positions, z, on the sludge blanket region (downward inclination of the deflector): (a) water, (b) biogas,
and (c) sludge.

The increase in the sludge average velocity is attributed to its specific mass (1020 kg/m3) being
higher than the water (997 kg/m3) and biogas (0.72 kg/m3), and because the ascending velocities of
the liquid phase (Figures 16 and 17) in the settling zone are lower than those observed in the sludge
blanket region (Figures 12 and 13), resulting in the establishment of low turbulence conditions. For
this reason, the settling velocity of the sludge particles in the settling zone becomes greater than the
rising velocity of the liquid. In this way the sludge flakes entrained by the upward flow of liquid and
biogas will settle and accumulate at the surface of the phase separation element. Then, by the action of
the gravitational force, they will slide and return to the sludge blanket region. As a result, the sludge
volumetric fraction changed along the reactor.
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Figure 14. Distribution of the resulting velocity according to the radial position for different axial
positions, z, on the region between the deflector and three-phase separator (upward inclination of the
deflector): (a) water, (b) biogas, and (c) sludge.

The volumetric fractions of the involved phases (water, biogas and sludge) were reported in Lima
et al. [26]. According to these authors, the highest sludge concentrations (validated by the experimental
results) are in the inlet region (sludge blanket) and on the sloping walls of the three-phase separator
and the gas deflector.

On the other hand, in the reactor with deflector inclination downwards also at the axial position
z = 3.5 m, the mean velocities of sludge and water remained similar, pointing the drag of sludge by
water and its outlet through the top of the reactor, resulting in an increased concentration of solids in
the effluent and reduced cell retention time, which is undesirable from a practical point of view.

This approach can be corroborated by the experimental and simulation results reported by Lima et
al. [26], who simulated in two-dimensional space, the fluid dynamic behavior of the UASB reactor, the
object of this study, and found that the reactor with inclination of the deflector downwards presented
much higher concentrations of solids at the outlet the reactor (1729 mg L−1) than those with inclination
of the deflector upwards (60.9 mg L−1). According to the authors, this result can be attributed to the
large area between the separation devices (gas deflector and three-phase separator). By conducting
further simulations of the reactor with deflector inclination downwards, but with reduced spacing
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between the gas deflector and the three-phase separating element (0.34 m to 0.1 m), Lima et al. [26]
registered that the average concentration of solids (sludge) in the reactor outlet was reduced from 1729
mg L−1 to 91.05 mg L−1. We state that the numerical results performed with simulations using meshes
in two-dimensional space, as reported by Lima et al. [26], were obtained with significantly reduced
computational effort and properly compared with experimental results, with minor differences, an
average of 8%. This validation could be extended to the present study, in which the UASB reactor was
discretized in three-dimensional mesh, because the results obtained in this study indicated the existence
of angular and radial symmetries of velocity distributions inside the reactor. Further, comparison
between predicted (3D simulations) and experimental pressure data presented differences in results
close to 6% (maximum error).Water 2020, 12, 279 16 of 21 
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Figure 16. Distribution of the resulting velocity according to the radial position for different axial
positions, z, on the three-phase separating region (upward inclination of the deflector): (a) water, (b)
biogas, and (c) sludge.

The analysis of these results allows the observation that despite the values of mean upward
velocities of water, biogas and sludge (Figures 12–17) at the inlet of the phase separator are below the
critical threshold specified by the literature for domestic sewage (1.1 m/h), there was sludge in the
reactor outlet. This indicates that although the upward velocities of the sewage, mainly at the inlet
of the three-phase separator, exert some influence on the sludge present at the reactor outlet, other
factors should be considered, such as the inclination and arrangement of phase separating elements, as
stressed by van Haandel and Lettinga [20] and verified in the simulations of Lima et al. [26].
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atmospheric pressures, being the hydrostatic pressure the system dominant pressure. However, 
although the position of the deflectors in the figures is placed in the same depth, which implies the 
same hydrostatic pressure, they are arranged differently, one with upward inclination and one 
downward. Thus, in theory, they would have different influence on the fluid dynamics inside the 
reactor, especially due to the turbulence region caused by the presence of biogas, and, in principle, 
could change the pressure field in this region. However, the analysis of this figure shows that, for the 
conditions studied in this research, the position of the deflector does not interfere in the pressure 
distribution behavior along the reactor. 

Figure 17. Distribution of the resulting velocity according to the radial position for different axial
positions, z, on the three-phase separating region (downward inclination of the deflector): (a) water, (b)
biogas, and (c) sludge.

Figure 18 shows pressure distribution along the axial position of the reactor in the three-phase
system, for both deflector inclinations: upwards (Figure 18a) and downwards (Figure 18b). The absolute
pressure illustrated in this figure corresponds to the sum of the most hydrostatic plus atmospheric
pressures, being the hydrostatic pressure the system dominant pressure. However, although the
position of the deflectors in the figures is placed in the same depth, which implies the same hydrostatic
pressure, they are arranged differently, one with upward inclination and one downward. Thus, in
theory, they would have different influence on the fluid dynamics inside the reactor, especially due to
the turbulence region caused by the presence of biogas, and, in principle, could change the pressure
field in this region. However, the analysis of this figure shows that, for the conditions studied in this
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research, the position of the deflector does not interfere in the pressure distribution behavior along
the reactor.Water 2020, 12, 279 19 of 21 
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4. Conclusions

Considering the results obtained in this study, it can be concluded that:

- The mathematical model used to describe the flow hydrodynamics in the UASB reactor was quite
satisfactory, as it adequately reproduced the physical behavior inside the reactor.

- Recirculation zones (eddies) were observed in the region between the gas deflector and the
three-phase separator, as well as next to the walls of the separator, resulting from the increased
velocity of the phases in the smaller diameter section of the deflector, associated with the unbalance
between the forces of drag, thrust, and weight acting on the particles of gas (bubbles) and sludge.
These recirculation zones contributed to the settlement of solid particles inside the gas deflector
(inclination upwards). This observation was confirmed by the direct proportional relationship
obtained between the mass flow and retention of solids in the UASB reactor.

- Results obtained with the three-dimensional mesh validated the presence of a radial and angular
symmetrical behavior, indicating the possibility of studying the fluid dynamics in the UASB
reactor using a two-dimensional mesh.
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