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ABSTRACT

As the world population increases, the need to develop more efficient
wastewater treatment systems requires the use of new technologies.
Software aided project and optimization of bioreactors and bioprocesses
have become a matter of interest in recent years, especially due to the
advance in the state-of-the-art of computational resources. This work aimed
to perform gas/liquid numerical simulations using the Fluent 16.2 software
and to validate this model through Particle Image Velocimetry (PIV) and
shadow imaging techniques. Eulerian-Eulerian, laminar, tridimensional and
transient simulations were carried out. The results for the mass imbalance
for the gas and liquid phases, gas volumetric fraction, gas velocity, bubble
size, liquid magnitude and upflow velocity and the velocity profiles for
the liquid phase were successfully validated against experimental data.
Concerning the dispersed phase, it was found a difference of 4.37%
for the gas volumetric fraction between experiments and simulations.
Simulated results showed a difference for the bubble mean velocity of
173% when compared with shadow imaging results. No coalescence was
observed along the experiments, and the flow regime was characterized as
dispersed bubble flow. Regarding the liquid phase, it was found a difference
of 3.2% for the mean velocity, between simulated and PIV results. Simulated
and experimental velocity profiles showed a better agreement at the
center of the reactor. Some differences were observed in those profiles,
due to geometry simplifications assumed in order to get a better mesh.
Considering the good agreement between simulation and experiments,
the model was considered validated.

Keywords: biogas; biomass; computational fluid dynamics; momentum
transport; multiphase flow; UASB.
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RESUMO
Conforme a populagao mundial aumenta, a necessidade de
desenvolvimento de sistemas de tratamento de efluentes mais eficientes
requer o uso de novas tecnologias. O projeto e otimizacao de biorreatores
e bioprocessos auxiliados por softwares tém se tornado uma questao de
interesse, em especial devido ao avanco no estado da arte quando se
trata de recursos computacionais. O objetivo deste trabalho foi realizar
simulagdes numéricas gas/liquido, utilizando o software Fluent 16.2, e validar
experimentalmente o modelo computacional atraveés de técnicas de PIV e
Shadow Imaging. Foram realizadas simulacdes laminares, tridimensionais,
transientes adotando uma abordagem Euleriana-Euleriana. Os resultados
para o desequilibrio de massa para as fases gasosa e liquida, a fracdo
volumeétrica de gas, a velocidade do gas, o tamanho da bolha, a magnitude
e a velocidade ascensional do liquido e os perfis de escoamento do
liguido foram validados experimentalmente com éxito. Foi verificada uma
diferenca de 4,37% entre resultados numeéricos e experimentais para a
fracéo volumétrica de gas no reator. Quando comparados os resultados
das simulacdes com os resultados obtidos através de Shadow Imaging,
foi encontrada uma diferenca de 173% para a velocidade média da bolha.
Nao foi verificada coalescéncia ao longo dos experimentos realizados, e o
escoamento foi caracterizado como fluxo de bolhas dispersas. Em relacao
a fase liquida, foi encontrada uma diferenca de 3,2% para a velocidade
meédia, entre os resultados simulados e de PIV. Os perfis de velocidade
simulada e experimental mostraram uma melhor concordancia no
centro do reator. Algumas diferencas foram observadas nesses perfis,
devido as simplificacées geométricas assumidas para obter uma malha
melhor. Considerando a boa concordancia entre resultados numeéricos e

experimentais, 0 modelo foi considerado validado.
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INTRODUCTION

Anaerobic digestion based processes have become a popular kind
of bioprocess for treating wastewaters, especially due to their ability
to combine the efficient treatment of effluents and the generation of
renewable energy. In the late 1970s, a reactor known as upflow anaer-
obic sludge blanket (UASB) was developed and became widely popu-
lar, mainly due to its relatively simple design allied to high treatment
efficiencies (SOUZA, 1986; LETTINGA; POL, 1991).

Considering the current need for renewable energy sources as well
as the increase in the wastewater generation, the development of new
technologies, which allow higher treatment efficiencies and rates, has
drawn the attention of researchers from different fields. Most of the
works on that field use experimental studies to assess the influence of
changes in the process control and operation, e.g. the use of recycle
streams, series reactors, changes in the hydraulic retention time (HRT)
(EL-SHEIKH et al., 2011; INTANOO et al., 2014; RIZVI et al., 2015;
FERRAZ JUNIOR et al., 2016). Changes on the biomass source and
the supplementation of the process aiming higher biogas production
are also under study by some authors (JANKE et al., 2016; BARROS;
DUDA; OLIVEIRA, 2016).

Even though UASB reactors are considered simple in means of
construction and operation, predicting the hydrodynamic behavior in
biogas producing bioreactors is challenging, considering that it con-
sists of a complex multiphase flow, formed by a liquid, a solid and a gas
phase. Nonetheless, the understanding of the hydrodynamic behavior
in UASB reactors plays an important role in the improvement of these
reactors technology. The biogas yield is dependent on the mixing qual-
ity within the reactor, once it induces to a higher contact time between
biomass and wastewater.

On the other hand, in cases where the upflow liquid veloc-
ity is low, the auto-mixture within the system is promoted mainly
due to the gas velocity. In other words, the gas/liquid momentum
transfer in UASB reactors has an influence on the overall anaero-
bic process of the reactor. In general, the interfacial momentum
transfer between a gas and a liquid can be due to these three forces:
drag (FD), lift (Flift) and virtual mass (1—3vm). The understanding of
these interactions requires a deep knowledge of the flow and of the
mathematical models applied.

Some authors have been working on the understanding of these
gas/liquid interactions. Sivasubramanian and Prasad (2009) experi-
mentally investigated the influence of superficial gas velocity and fluid
properties on gas holdup and liquid circulation velocity in an airlift
column reactor. The authors found out that the increase in the super-
ficial gas velocity increased the liquid circulation velocity. Vial et al.
(2001) applied Laser Doppler anemometry to a bubble column reactor
equipped successively with three different gas distributors. They stud-

ied the evolution of the local hydrodynamic parameters of the liquid
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phase with the gas velocity changes and found that the liquid centerline
velocity is shown to be proportional to the gas velocity.

Another parameter that plays an important role on the overall
hydrodynamics on a gas/liquid flow is the bubble size. The gas upflow
velocity is closely linked with the buoyancy force. This force changes
with the cubic power of the bubble’s diameter. Considering that, it is
possible to say that the bigger is the bubble’s diameter, the higher is the
bubbles upflow velocity (NARNOLL; MEHROTRA, 1997). Tsuchiya et al.
(1997) experimentally studied gas-liquid-solid fluidization in light of
the velocity of single bubbles rising through suspension. They reported
a proportional relationship between bubble size and the gas upflow
velocity. The increase in the gas velocity with the bubble diameter was
reported as well by Pourtousi, Ganesan and Sahu (2015). The authors
investigated the effect of bubble diameter size on the prediction of flow
pattern, using computational fluid dynamics (CFD) simulations of a
homogeneous bubble column regime.

The development of more powerful computers — with higher pro-
cessing capacity — has been allowing the development of computational
studies in order to have a better understanding of the hydrodynamics of
bioreactors at a different level. This has led to the more frequent use of
CFD tools to predict a wide range of processes, including bioprocesses.
The evaluation of the gas/liquid interaction in UASB reactors is not clear
and is not well stablished in the literature. There are some considerations
about the effects of the biogas and the liquid velocity, but these effects
are not properly validated. In this context, and considering the impor-
tance of the gas/liquid interactions in UASB reactors, this work aims to
develop a two-phase CFD model and validate it through Particle Image
Velocimetry (PIV) techniques using a small-scale UASB reactor.

METHODOLOGY

Computational fluid dynamics model

Considering that, the main anaerobic reactions take place at the lower
and middle parts of the reactor, the volume control for the simulations
was assumed as showed in Figure 1. Due to the need of a high mesh
quality, simplifications concerning the influent distribution system
were assumed; also, the conical region of the reactor was not simu-
lated. The commercial software ICEM CFD was used for the domain
discretization through structured blocks meshing techniques, and
hexahedral elements, in the three-dimensional space.

Taking into consideration the work of Lima et al. (2011), which
showed that the flow in a similar UASB reactor could be considered
symmetric, as well as the computational costs implicated in simulat-
ing a full reactor, it was simulated only half of the reactor (longitudinal
section). Aiming to obtain a mesh independent result for the simula-

tions, a mesh independence study was performed.

Eng Sanit Ambient | v.25 n1 | jan/fev 2020 | 87-96 |



UASB reactor gas/liquid CFD simulation and PIV validation

Thus, three meshes with different numbers of elements were gen-
erated: mesh 1 (1,035,064 elements), mesh 2 (528,000 elements) and
mesh 3 (248,720 elements). The Grid Convergence Index (GCI) method,
proposed by Roache (1994), was used to assess the mesh independence
through the analysis of two performance parameters. Therefore, the
volume upflow velocity for the gas and the gas volumetric fraction
within the reactor were chosen as those parameters. Considering the
GClI results as well as the computational costs involved (unpublished
results), the mesh 2 (528,000 elements) was chosen for this study.

The commercial software package Fluent 16.2 was used in order to
perform the numerical simulations. A two-phase, Eulerian-Eulerian
(E-E) model was chosen for the simulations, which considers the flow
as two interpenetrating continuous phases. In this approach, the mass
and momentum conservation laws should be satisfied for each phase
individually. This method was chosen due to the computational advan-
tages of it if compared with the Eulerian-Lagrangian (E-L) option.
For the E-L model, higher is the dispersed phase volumetric fraction,
higher is the computational effort needed, while in the E-E approach,
this effort remains constant. Even though the gas is present in a small
volumetric fraction, in future works, it is intended to add the solid
fraction to the simulation of the UASB reactor, thus increasing sig-
nificantly the dispersed phase volumetric fraction.

A Reynolds number of 7.45 was calculated using the designed mean
upflow velocity for the liquid inside the UASB reactor (2.525 x 10° m.s™),
the water properties at 293.15 K and the dimensions of the tubular
section of the reactor (0.3 m of diameter). Thus, a laminar model was
used to perform the simulations. The liquid phase was considered to

be water at 293.15 K, and the standards properties from the software

Volume control assumed
for the simulations

212m

database were used. Considering the biogas as a mixture of 65% meth-
ane (CH,) and 35% carbon dioxide (CO,), the gas phase properties
were calculated using the harmonic mean of their properties. Table 1
shows the physical properties used in the simulations for both: dis-
persed and continuous phase.

Concerning the simulations, it was not considered the mass
and energy transfer among the phases. The movement and mass
conservation for each phase were governed by the fluid-fluid
moment conservation Equations 1 and 2, which are solved by Fluent
(ANSYS, 2015):

E((xqpq ¥y ) +V- (aqpq Va¥q ) =-a, VP+V T+ ap, g+,

ot (1)
(KM (Ep —;q)+(ﬁq + ﬁp,q))

%(appp)-t-V-((xppqvq):O )
Where:

q = continuous phase;

p = dispersed phase;

T= phase stress-strain tensor;

P = pressure;

K,, = interphase momentum exchange coefficient;
g = gravity acceleration;

Fq = external body force;

I_:'qu = drag force.

According to many authors, such as Lima et al. (2011), Cheng
and Zhu (2005), Baten, Ellenberger and Krishna (2003), and Simcik
et al. (2011), the drag force is the main responsible for the interfacial
momentum transfer between the phases. Therefore, in this study, only
the drag force was considered.

Depending on the kind of the flow and on the characteristics of the
dispersed and continuous phases, a correlation for the drag force coef-
ficient (Cp) should be chosen. As the gas bubbles were spherical and the
distribution was sparse, the model proposed by Schiller and Naumann

(1933) was selected, and the Cp was calculated using Equation 3:

Table 1- Physical properties of the fluids (293.15 K; 1 atm).

. Dispersed phase Continuous
Property (biogas) phase (liquid)

Dinamic viscosity (u) Kgm's' 08578 9982
Density (p) Kgm? 11984 x 10° 1003 x 103
Bubble Size (d,) m 0002*

Figure 1- Volume control assumed for the numerical simulations.
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Re <1000,

0.687
24[1+0.15Re j
Re >1000, (3)

Re
0.44

Where the Reynolds number for the bubble is calculated using
Equation 4:

Re:db|vl_vg|pl
Y

(4)

Where:

dy = bubble diameter;
v; = liquid velocity;

p: = liquid density;

v, = gas velocity.

A liquid inlet velocity of 7.11 x 10~ m.s" and a gas inlet veloc-
ity of 1.12 x 10 m.s! were assumed, resulting in a liquid flow rate of
6.43 x 10° m>h! and a gas flow rate of 4.15 x 10> Nm>.h". At the gas out-
let, a degassing boundary condition was used, thus allowing only the gas
to flow through it. The absolute pressure (P.) is the sum of the pressure at
the outlet (Py.) and the operation pressure (P,), as showed in Equation 5.
Therefore, the pressure at the liquid outlet boundary was assumed to be 0 Pa,
and an operation pressure of 101,325 Pa was used, thus the absolute pressure

would correspond to the atmospheric one at the liquid outlet boundary.

Pﬂbs:Pstat+Pref (5)

A symmetry boundary condition was assumed at the center of the
reactor, the software assumes zero flux of all quantities across that type
of boundary. A non-slipping boundary condition was assumed at the
walls, it considers that the velocities at these in the X, Y and Z direc-
tions are equal to zero.

The CFD model is solved using the phase coupled SIMPLE algo-
rithm in order to solve the velocity pressure coupled differential equa-
tions. Aiming to discretize the governing equations into algebraic ones
in the final solution, the second order upwind scheme was used for the
momentum and the QUICK for the volume fraction.

The adaptive time stepping method was used along the simulations,
together with a maximum number of iterations per time step of 25. As con-
vergence criteria, residuals of 1e* were adopted, and the stability of some

control variables was assessed. Transient simulations were performed.
Experimental method
Reactor

For the experimental validation of the CFD model, the PIV technique was

applied using a small-scale UASB reactor. It was previously designed for

90

treating sugarcane vinasse with a chemical oxygen demand (COD) between
15,000 and 65,000 mg O,.L'* (CORTEZ; FREIRE; ROSILLO-CALLE,
1996) and thus generating biogas. A reactor 2.12 m high and with 0.3 m
of diameter was used. A usable volume of 140 L was assumed. It was
built in poly(methyl)methacrylate (PMMA), thus allowing an internal
view of the flow within the reactor. The laser beam generated by the PIV
can suffer some refraction effects when it reaches the curved wall of the
UASB reactor. In order to reduce these effects, the reactor was placed
in a hexahedral vessel, which was filled with tap water.

The liquid entered the reactor through a distributor with eight
pipes, placed at the bottom of the reactor, which was designed in order
to generate a better mixing between gas and liquid, as proposed by
Bastiani et al. (2016). Four concentric rings were placed at the bottom
of the reactor, where the gas was inserted. According to Bastiani et al.
(2016), this was the alternative that showed the best results on mim-
icking the effect of the gas being generated inside the reactor. When
using PIV techniques, it is important to avoid turbid fluids, in order
to achieve better results for the images of the flow fields. Therefore,
the use of wastewater and biomass to generate the biogas on the reac-
tor would have a strong interference on the results. The reactor was
filled with tap water, and the gas used for the experiments was com-
pressed air at room temperature. The water flow was controlled using
a hydraulic pump manufactured by Netzsch, together with a frequency
inverter (Weg — CFW 10). A liquid flow of 6.42 L.h"! was assumed.
For the gas flow control, a rotameter — Applitech’ 1900 —, in combi-
nation with a differential pressure controller, was used to maintain a
flow of 0.041 Nm?*h..

Particle Image Velocimetry and shadowgraphy set up

In order to gather relevant and accurate data for the validation of the
CFD model, a PIV system was used, which is a non-intrusive method
that allows the flow visualization and the particle movement analysis.
This method was used to assess the flow velocity and profile for the
liquid phase. It consists in the illumination of a section of the flow in
two near instants of time, using a laser. The position of tracing parti-
cles is then registered using two cameras, and the data is processed in
specific software for the analysis of the flow.

In this work, a stereoscopic 3D PIV acquired from LaVision was
used. It consists of two cameras ImagerProSX 5M, with Nikon lenses.
It was necessary the use of a 540 nm cut-off filter on the lenses, to avoid
possible damages caused by the laser light scattering initiated by bub-
bles. The laser generator used was the Quantel Double-Pulsed Nd:YAG
EverGreen EVG 00200. Fluorescent 20-50 pum tracers were seed into the
flow in order to allow the flow analysis. The images collected were pro-
cessed in a computer using a processor Intel Xeon E5620, a video card
Zotac/NVIDIA GeForce GT 610, operational system Windows 7 and a
programmable timing unit (PTU) VZ Trigger PTU V9.0. The DaVis®
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8.2.2 software was used for the images’ treatment and processing, in
order to obtain flow fields. The PIV measurements were preceded by
a calibration using a calibration plate. This plate was placed inside the
reactor and then the cameras were focused on the center of it, aiming
to mark on the software three pre-determined points, in order to pro-
ceed with the software aided calibration. Following this calibration, the
reactor was seed with fluorescent particles. The images were collected
using the configuration showed in Figure 2.

The cameras and the laser were placed in vertical rails, allowing
capturing the images throughout all the reactor height. The cameras
were placed at 60 and 120° within the reactor central longitudinal plane
for the tridimensional results optimization, and the laser was placed in
a position that it could lighten this plane. Considering that the reactor
height was much bigger than the lenses capturing field, the reactor was
divided into seven sections for the images capture. In order to measure
the particle displacement, two images are captured for each camera, one
for each laser pulse. The delay time between the laser pulses changed
along the sections, considering that higher is the flow velocity, smaller
should be the delay time in order to allow a particle displacement of
around 10 pixels between the two pulses.

Aiming to obtain more precise results for the averaged vector field,
it is important to obtain as many images for each section as possible,
allowing the producing of a high number of instantaneous vector fields
to calculate a better time averaged result. On the other hand, a high

number of images demands a longer processing and post processing
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time. Therefore, it was decided to capture 200 images of the flow for
each section of the reactor. For each image, four frames were obtained,
one frame each camera for each laser pulse, thus allowing the post pro-
cessing of the images in order to obtain the instantaneous vector fields,
that would be used to further calculate the time averaged vector fields.

Aiming to gather data about the gas phase, the PIV system was
changed to a shadowgraphy configuration, which allows capturing
the gas bubble size and velocity. The same hardware and software
were used with a different configuration, but no tracer particles were
fed into the reactor. Figure 3 shows a scheme of the shadow imaging
system used in this work.

The shadowgraphy technique consists of a pulsed backlight illumi-
nation (a dispersed laser light obtained using a laser diffuser), which is
aligned with a camera. The laser illuminates the reactor section in two
different moments, and the camera captures the “shadow” of the particles
of interest (the gas bubbles in this work) in each laser pulse. Then the
software is used to calculate the displacement of the observed bubbles
between laser pulses, obtaining information about bubbles velocity and
position. Over this study, the shadowgraphy measurement of 11 ver-

tical positions was performed, and the results were then tabulated.

RESULTS AND DISCUSSION

Considering the designed values for the gas flow rate and the liquid
flow rate, the mass flow rate at the inlet for the gas and the liquid phases
were calculated, using the density of each phase. Table 2 sums up the
results for the mass flow rates and the mass imbalances for the analyti-

cal and computational cases. It shows a difference for the gas mass flow

Flow section
observed by camera

Dispersed

Laser head laser light

SSD camera

Laser diffuser

Laser
power supply

Microcomputer

Figure 2 - Configuration of the Particle Image Velocimetry system used
for experimental data collection.
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Figure 3 - Configuration of the shadowgraphy system used for
experimental data collection.
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rate of 0.39%, and for the liquid mass flow rate of 0.05% between sim-
ulated and analytical results at the inlet. It represents a not significant
difference, thus showing that the model is suitable for the simulation.
The calculated values for the mass imbalance results also presented a
good one, considering the flow conditions.

The simulation showed a gas volume fraction within the reac-
tor of 0.0007627044. In order to validate this result, the volume of
gas inside the reactor was experimentally determined. The amount
of gas inside the reactor can be considered, as the difference in the
volume occupied by the fluids with and without the gas. Aiming to
measure that, the pump of the liquid was turned on, and the height
of the reactor occupied by the liquid was measured. Then the gas was
injected into the reactor, and the height was measured again. The dif-
ference between those heights was used to calculate the volume occu-
pied by the gas and thus the gas volumetric fraction. An amount of
9.47192 x 10 Nm” of gas in the reactor was obtained or a volumetric
fraction of 0.0007307548, a difference of 4.37% between experimen-
tal and simulated results. Considering that, it is possible to say that
the numerical and experimental results for the gas volumetric frac-
tion show a good agreement.

Considering the reactor dimensions and the gas and liquid flow

rates, the superficial velocities were calculated using Equation 6:

Q
U = 6
s A ( )
Where:

Ui = phase i superficial velocity (m-s);
Q: = phase i flow rate;

A = transverse area of the reactor.

The gas superficial velocity calculated was 1.6 x 10* m.s, and the
liquid superficial velocity was 2.5 x 10° m.s".

Mishima and Ishii (1983) developed new flow-regime transition
criteria for upward two-phase flow in vertical tubes, and presented a
flow-regime map based on the gas and liquid superficial velocities.
Although a different tube diameter was used in the present study, it
was observed a bubbly flow for the calculated superficial velocities, as
shown in Figure 4, in accordance with the Mishima and Ishii (1983)

flow-regime map. In bubble columns, it was observed by Chen, Reese

and Fan (1994), and Diaz, Montes and Galan (2008) mainly two flow
regimes: the dispersed bubble and the coalesced bubble. Figure 4 shows
the bubble distribution in a 70 x 60 mm region of the reactor, where is
possible to visualize the dispersed bubble flow regime. The image was
collected using shadowgraphy.

Concerning the shadow imagining experiments, the results for the
bubble size for different vertical positions were obtained and are showed
in Figure 5, together with their standard deviation. Results show that
the diameter is not increased proportionally with the vertical position.
Therefore, it is possible to conclude that there is no bubble coalescence
within the reactor. According to Othman, Hamzan and Terry (2011),
and Diaz, Montes and Galan (2008). At low U, there is no bubble
coalescence, due to the dispersed bubble regime.

Both, low gas and liquid flow rates within UASB reactors are
a consequence of effluent COD, reactor design and organic load-
ing applied. Higher is the COD to be removed in the treatment and
the organic loading applied, higher is the HRT of the eftluent, thus
the liquid flow rate is reduced. On the other hand, the gas flow rate
increases with higher COD and organic loading, due to the incre-
ment on the gas yield. Thus, the flow regime in UASB reactors is
also a function of the aforementioned characteristics (COD, reactor

design and organic loading).

- 40

30

e}
Y position (mm)

1 1
50 40 30 20 10 0 10 20

X position (mm)

Figure 4 - Bubble distribution in a 70 x 60 mm region of the reactor.

Table 2 - Analytical and numerical results for the mass flow rate and the mass imbalance.

Simulated mass
flow rate (inlet)

Analytical mass

flow rate (inlet)

Simulated mass

flow rate (outlet) Mass imbalance

Mass imbalance

1

(Kg.h") (Kg.h") (Kgh? Ui b
Gas 003557 003543 003533 00001 028
Liquid 641343 641021 60924 031781 495
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Considering the experimental results for all the reactor sections,
the mean diameter observed was 1.64 mm, and the mean velocity was
0.1619 m.s". The simulations using a fixed bubble size of 2 mm showed
a time averaged velocity along 268 s of simulation equal to 0.1915 m.s".
In previous works developed by one of the authors (unpublished results),
three CFD simulations were performed using different bubble sizes:
1 mm, 2 mm and 3 mm. The same simulation settings previously pre-
sented in this work, as well as the same reactor, were used in these
simulations. The results showed a correlation between bubble size and

gas velocity, which is presented in Equation 7:
v, =0.0686 d, +0.0466 (R*=0.9869) 1mm<d, <3mm )

Where:
vy = gas velocity;
d, = bubble diameter.

A gas velocity of 0.1591 m.s™ was obtained through Equation 7,
for the mean experimental bubble diameter. A difference of 1.73% was
found between simulated and experimental results for the bubble mean
velocity, thus the numerical model was validated through the PIV results.

Regarding the liquid phase, the velocity profiles obtained from
the PIV experiments for different vertical positions along the reactor
were compared with the CFD results. Figure 6 shows the PIV and the
CFD results for the mean velocity for a plane along the central axis.
The first results do not go along the 300 mm of the reactor diameter due
to experimental limitations. Results demonstrate a better agreement
at the center of the reactor, where the flow is downwards. The veloc-
ity profiles for both cases show an internal liquid recirculation at the
center of the reactor. This recirculation is induced by the gas upward

velocity, which accelerates the flow in the region close to the walls.

The liquid superficial velocity is lower than the gas superficial veloc-
ity, thus a fraction of the liquid that reaches the top returns to the bot-
tom of the reactor. In an UASB reactor, this would increase the contact
time between biomass and effluent, increasing the reactor efficiency.

The time-averaged mean liquid velocity contours for the PIV and
CED results for the same region of the reactor (z = 0) are showed at
Figures 7A and 7B. Due to experimental limitations, the results presented
refer to a plane of 1.6 m of high and radius of 0.25 m at the center of the
reactor for both cases, in order to allow the comparison of the results.

The central velocities are higher than the velocities close to the walls,
due to the aforementioned recirculation. It is possible to see that the
region with the higher velocities for the PIV results is at the bottom of
the reactor, while for the CFD results it is at the top. It most likely hap-
pens due to the simplifications assumed for the liquid distribution at the
center of the reactor, what can be also responsible for some variations in
the velocity profiles (Figure 6), once the distribution system at the center
causes some turbulence for both, liquid and gas. About the liquid mean
velocity, the PIV results showed a value of 0.02341 m.s™, while the CFD
results reported a velocity of 0.02266 m.s™, a difference of 3.2% between
both results, what shows a good agreement between experimental and
numerical simulations. Due to the acceleration caused by the upward
movement of the gas, followed by the internal circulation, the results for
both, experimental and computational cases, showed a negative meany
velocity. It shows that the liquid recirculates with a higher velocity than
it flows upwards. A y velocity of -0.020168 was observed for the PIV
experiments, while CFD results reported a y velocity of -0.02202 m-s/,
a value 9.18% higher than the experimental results.

The previously mentioned liquid internal recirculation is mainly
driven by the gas upflow within the reactor. CFD contours for the gas
volumetric fraction show the dispersed phase distribution along the

reactor (Figure 8). The gas is mainly concentrated in the regions near
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Figure 5 - Experimental results for the bubble size.
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the walls, causing the area for the liquid to flow to be reduced and,
like this, the liquid velocity to be higher than the calculated superfi-
cial velocity. While at the center of the reactor, there is a smaller gas
volumetric fraction, so the liquid flows downwards through that space
(Figure 8A). At the top of the reactor, the gas is led by the deflectors
towards its outlet, where it leaves the volume control (Figure 8B), as it
is expected for UASB reactors.

Throughout this study, numerical and experimental results for
different parameters were obtained, such as: mass imbalance for
both phases, gas volumetric fraction, gas velocity, bubble size, liq-
uid magnitude and upflow velocity and the velocity profiles for the
liquid phase. Considering the complexity of the flow, the differences
between numerical and experimental results presented over this study
are adequate to validate the numerical model, thus allowing further

analyses and optimizations.

CONCLUSION

According to the results presented in this study, one can conclude
that the use of PIV techniques allowed the successful validation of the
numerical model proposed for the simulation of the gas/liquid inter-
actions in an UASB reactor. It was possible to notice that there was no
bubble coalescence within the reactor. Furthermore, it was observed
the existence of liquid internal recirculation, driven by the gas upflow
within the reactor. Differences of less than 5% between numerical mod-
els and validation results were observed, except for the upflow liquid
velocity, which showed a difference of 9.18%.

The good agreement between simulation and validation results will
allow the use of the described numerical model for further gas/liquid
simulations, and the inclusion of the solid phase in forthcoming sim-

ulations of UASB reactors.

A Area

Co Drag force coefficient

CFD Computational fluid dynamics
COD Chemical oxygen demand

d Diameter

E-E Eulerian-Eulerian

E-L Eulerian-Lagrangian

Fo Drag force

Fin Lift Force

Fo External body force

Fom Virtual mass force

GCl Grid convergence index

HRT Hydraulic retention time

Kpq Interphase momentum exchange coefficient
P Pressure

PIV Particle Image Velocimetry
PMMA Poly(methyDmethacrylate

Q Flow rate

Re Reynolds number

UASB Upflow anaerobic sludge blanket
Uss Phase i superficial velocity

v Velocity

Greek Letters

o Volumetric fraction

u Dynamic viscosity

p Density

T Stress-strain tensor
Subscripts

p Disperse phase

q Continuous phase

b Bubble

| Liquid

g Gas

REFERENCES

ANSYS. (2015) Fluent 16.2 Theory Guide. Canonsburg: ANSYS.

BARROS, VG; DUDA, RM; OLIVEIRA, RA. (2016) Biomethane
Production From Vinasse in Upflow Anaerobic Sludge Blanket
Reactors Inoculated With Granular Sludge. Brazilian Journal of
Microbiology, v. 47. n. 3, p. 628-639. http://dx.doiorg/101016/.
bjm.2016.04.021

BASTIANI, C; BEAL, LL; ALBA, JL; TORRES, APR; SOUZA, MP.
(2016) Study of different forms of gas inlet and distribution in UASB
reactors for the CFD simulation and PIV validation. /n: BRAZILIAN
CONGRESS OF CHEMICAL ENGINEERING, 21, 2014, Fortaleza.
Anais...

(n, Eng Sanit Ambient | v.25 n1 | jan/fev 2020 | 87-96

BATEN, JMV; ELLENBERGER, J; KRISHNA, R.(2003) Hydrodynamics
of internal air-lift reactors: experiments versus CFD simulations.
Chemical Engineering and Processing: Process Intensification, v. 42,
Nn. 10, p. 733-742. https://doiorg/101016/S0255-2701(02)00076-4

CHEN, RC; REESE, J; FAN, LS. (1994) Flow structure in a three-
dimensional bubble column and three-phase fluidized bed. AIChE
Journal,v.40,n.7,p.1093-1104. https://doiorg/101002/aic 690400702

CHENG, Y; ZHU, JX. (2005) CFD Modeling and Simulation of
Hydrodynamics in Liquid-Solid Circulating Fluidized Beds. The
Canadian Journal of Chemical Engineering, v. 83, n. 2, p. 177-185.
https://doi.org/101002/cjce. 5450830204

95



http://dx.doi.org/10.1016/j.bjm.2016.04.021
http://dx.doi.org/10.1016/j.bjm.2016.04.021
https://doi.org/10.1016/S0255-2701(02)00076-4
https://doi.org/10.1002/aic.690400702
https://doi.org/10.1002/cjce.5450830204

D'Bastiani, C. et al.

CORTEZ, LAB; FREIRE, WJ; ROSILLO-CALLE, F. (1996)
Biodigestion of vinasse in Brazil. International Sugar Journal, v. 100,
n. 1196, p. 403-413.

DIAZ, M.E; MONTES, F.J; GALAN, M.A. 2008) Experimental study
of the transition between unsteady flow regimes in a partially
aerated two-dimensional bubble column. Chemical Engineering
and Processing: Process Intensification, v. 47, n. 9-10, p. 1867/-1876.

EL-SHEIKH, M.A; SALEH, HI; FLORA, JR; ABDEL-GHANY, MR.
(2011) Biological Tannery Wastewater Treatment Using Two-Stage
UASB Reactors. Desalination, v. 276, n. 1-3, p. 253-259. https://doi.
org/101016/j.desal. 2011.03060

INTANOO, P; RANGSANVIGIT, P; MALAKUL, P; CHAVADEJ, S. (2014)
Optimization of Separate Hydrogen and Methane Production from
Cassava Wastewater Using Two-Stage Upflow Anaerobic Sludge
Blanket Reactor (UASB) System Under Thermophilic Operation.
Bioresource Technology. v. 173, p. 256-265. https://doi.org/101016/.
biortech.2014.09.039

JANKE, L; LEITE, AF; BATISTA, K; NIKOLAUSZ, M. NELLES,
M; STINNER, W. (2016) Enhancing Biogas Production From
Vinasse in Sugarcane Biorefineries: Effects of Urea and Trace
Elements Supplementation on Process Performance and Stability.
Bioresource Technology, v. 217, p. 10-20. https://doi.org/101016/j.
biortech.2016.01110

FERRAZ JUNIOR, ADN; KOYAMA, MH; ARAUJO JUNIOR, MM.A;
ZAIAT, M. (2016) Thermophilic anaerobic Digestion of Raw
Sugarcane Vinasse. Renewable Energy, v. 89, p. 245-252. https://doi.
org/101016/j.renene. 201511064

LETTINGA, G; POL, WH. (1991) UASB-Process Design for Various
Types of Wastewaters. Water Science and Technology, v. 24, n. 8,
p. 87107. https://doiorg/10.2166/wst1991.0220

LIMA, MGS; FARIAS NETO, SR; LIMA, AGB; NUNES, FCB;
GOMES, L.A. (201) Theoretical/Experimental Study of an Upflow
Anaerobic Sludge Blanket Reactor Treating Domestic Wastewater.
International Journal of Chemical Reactor Engineering, v. 9. https://
doiorg/101515/1542-6580.2599

MISHIMA, K. ISHII, M. (1983) Flow regime transition criteria for
upward two-phase flow in vertical tubes. International Journal of
Heat and Mass Transfer,v.27.n.5, p. 723-737.

NARNOLI, SK; MEHROTRA, I. (1997) Sludge Blanket of UASB
Reactor: Mathematical Simulation. Water Research, v. 31, n. 4,
p. 715-726. https://doi.org/101016/S0043-1354(97)80987-6

OTHMAN, N; HAMZAH, MA; TERRY, AM. 2011 The Hydrodynamics
Studies of Bubbling Phenomena using High-Speed Camera: A Visual
Observation. /n: NTC 2011: NUCLEAR TECHNICAL CONVENTION,
201, Malaysia. Available at: <https:/inisiaeacrg/search/search.
aspx?orig_g=RN:44122683>. Accessed on: Aug. 2, 2017.

POURTOUSI, M; GANESAN, P; SAHU, JN. (2015) Effect of bubble
diameter size on prediction of flow pattern in Euler-Euler simulation
of homogeneous bubble column regime. Measurement, v. 76,
p. 255-270. https://doi.org/101016/jmeasurement.201508018

RIZVI, H; AHMAD, N; ABBAS, F; BUKHARI, IH; YASAR, A; ALl S;
YASMEEN, T; RIAZ, M. 015) Start-up of UASB Reactors Treating
Municipal Wastewater and Effect of Temperature/Sludge age and
Hydraulic Retention Time (HRT) on its Performance. Arabian Journal of
Chemistry, v.8,n. 6, p. 780-786. https://doiorg/101016/jarabjc. 201312016

ROACHE, PJ. (1994) Perspective: A Method for Uniform Reporting
of Grid Refinement Studies. Journal of Fluids Engineering. v. 116,
n. 3, p. 405-413. https://doi.org/101115/1.2910291

SCHILLER, L; NAUMANN, Z. (1933) Uber die grundlegenden
Berechungen bei der Schwerkraftbereitung. Zeitschrift des Vereins
Deutscher Ingenieure, v. 77, p. 318-320.

SIMCIK, M; MQOTA, A, RUZICKA, MC.; VICENTE, A; TEIXEIRA, J.
(2011 CFD simulation and experimental measurement of gas
holdup and liquid interstitial velocity in internal loop airlift reactor.
Chemical Engineering Science, v. 66, n. 14, p. 3268-3279. https://doi.
org/101016/j.ces.2011.01059

SIVASUBRAMANIAN, V. PRASAD, B.S.N. (2009) Effects of superficial
gas velocity and fluid property on the hydrodynamic performance
of an airlift column with alcohol solution. /nternational Journal of
Engineering, Science and Technology, v.1,n. 1, p. 245-253.

SOUZA, ME. (1986) Criteria for the utilization, design and operation
of UASB reactors. Water Science and Technology, v. 18, n. 12,
p. 55-69. https://doi.org/10.2166/wst1986.0163

TSUCHIYA, K; FURUMOTO, A; FAN, L; ZHANG, J. (1997) Suspension
viscosity and bubble rise velocity in liquid-solid fluidized beds.
Chemical Engineering Science, v. 52, n. 18, p. 3053-3066. https://doi.
org/101016/SO009-2509(97)00127-9

VIAL, CH; LAINE, R; PONCIN, S; MIDOUX, N; WILD, G. (2001
Influence of gas distribution and regime transitions on liquid
velocity and turbulence in a 3-D bubble column. Chemical
Engineering Science, v.56, n. 3, p. 1085-1093. https://doi.org/101016/
SO009-2509(00)00325-0

© 2020 Associacado Brasileira de Engenharia Sanitdria e Ambiental
This is an open access article distributed under the terms of the Creative Commons license.

96

Eng Sanit Ambient | v.25 n1 | jan/fev 2020 | 87-96 |


https://doi.org/10.1016/j.desal.2011.03.060
https://doi.org/10.1016/j.desal.2011.03.060
https://doi.org/10.1016/j.biortech.2014.09.039
https://doi.org/10.1016/j.biortech.2014.09.039
https://doi.org/10.1016/j.biortech.2016.01.110
https://doi.org/10.1016/j.biortech.2016.01.110
https://doi.org/10.1016/j.renene.2015.11.064
https://doi.org/10.1016/j.renene.2015.11.064
https://doi.org/10.2166/wst.1991.0220
https://doi.org/10.1515/1542-6580.2599
https://doi.org/10.1515/1542-6580.2599
https://doi.org/10.1016/S0043-1354(97)80987-6
https://inis.iaea.org/search/search.aspx?orig_q=RN
https://inis.iaea.org/search/search.aspx?orig_q=RN
https://doi.org/10.1016/j.measurement.2015.08.018
https://doi.org/10.1016/j.arabjc.2013.12.016
https://doi.org/10.1115/1.2910291
https://doi.org/10.1016/j.ces.2011.01.059
https://doi.org/10.1016/j.ces.2011.01.059
https://doi.org/10.2166/wst.1986.0163
https://doi.org/10.1016/S0009-2509(97)00127-9
https://doi.org/10.1016/S0009-2509(97)00127-9
https://doi.org/10.1016/S0009-2509(00)00325-0
https://doi.org/10.1016/S0009-2509(00)00325-0

