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RESUMO

Research involving numerical simulations to model physical
processes, such as the behavior of multiphase flow in upflow
anaerobic sludge blanket (UASB) reactors, requires a validation
step for the numerical data to ensure that the model accurately
represents the physical dynamics of the studied process. In this
context, the present study aimed to develop a mathematical
model and perform numerical simulations to investigate
the multiphase flow behavior in a UASB reactor, validating the
numerical data regarding the biogas volumetric flow rate based on
real data collected from the three-phase separator. Using Ansys®
CFX software, three-phase, turbulent, transient, Eulerian-Eulerian
simulations were conducted with different gas volume fractions
(GVF of 0.026; 0.130; and 0.260) at the inlet of the model to
examine their influence on phase distribution, velocity, and solid
deformation rate. To validate the model, experimental biogas
volumetric flow data at the liquid-gas interface were compared
with the numerical results, showing a relative error of 4.2% for
the case simulated with a GVF of 0.026. In the cases studied, the
phase distribution behavior remained consistent. The velocities
showed that the gas moved approximately 200 times faster than
the liquid, while the solids reached speeds 10 to 30 times higher

Pesquisas envolvendo simulagdo numérica para modelar processos
fisicos, como o comportamento do escoamento multifasico em reator
anaerdbio de fluxo ascendente e manta de lodo (UASB), requerem uma
etapa de validagdo dos dados numéricos, a fim de assegurar a adequagdo
do modelo para representar a dinamica fisica do processo estudado.
Neste contexto, esta pesquisa teve como objetivo desenvolver uma
modelagem matematica e realizar simulagdes numéricas para investigar
0 comportamento do escoamento multifasico em um reator UASB ,
validando os dados numéricos relativos a vazao volumétrica de biogas por
meio de dados reais captados no separador trifasico. Utilizando o software
Ansys® CFX, foram simulados casos trifasicos, turbulentos, transientes,
Eulerian-Eulerian, considerando diferentes fragbes volumétricas de gas
(FVG de 0,026; 0,130 e 0,260) na entrada do modelo, para investigar sua
influéncia na distribui¢do e velocidade das fases e na taxa de deformagdo
dos sdlidos. Para validagdo do modelo, dados experimentais da vazdo
volumétrica de biogas na interface liquido-gas foram comparados com
os resultados numéricos, ocorrendo um erro relativo de 4,2% no caso
simulado com a FVG de 0,026. Nos casos estudados, o comportamento da
distribuicdo das fases permaneceu constante. As velocidades mostraram
que o gas se movia cerca de 200 vezes mais rapido que o liquido, enquanto
os solidos alcangaram velocidades de 10 a 30 vezes superiores as do
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than the liquid, but in the opposite direction. It was also found
that higher GVF led to increased solid deformation rates due to
shear stresses. The validated model is suitable for future studies
aiming to improve UASB reactor flow behavior.

Keywords: three-phase flow; computational fluid dynamics;
biogas volume fraction; Ansys CFX; sludge deformation rate;
phase velocities.

liquido, porém no sentido contrario ao fluxo. Constatou-se ainda que
uma maior FVG resulta em uma taxa mais elevada de deformagdo dos
sélidos por tensGes de cisalhamento. O modelo validado é adequado para
investigagGes futuras visando melhorias no escoamento de reatores UASB.
Palavras-chave: escoamento dindmica de fluidos
computacional; fragdo volumétrica de biogds; Ansys CFX; taxa de

deformacdo do lodo; velocidade das fases.

trifasico;

Introduction

Upflow anaerobic sludge blanket (UASB) reactors have been a
widely used anaerobic technology in recent decades for treating both
diluted and concentrated wastewater, especially in tropical climate re-
gions (Lettinga et al., 1980; Souza, 1986; Chong et al., 2012; Mainardis
et al,, 2020; Kumar et al., 2024). Their applicability extends to a variety
of industrial wastewaters, including those from slaughterhouse activi-
ties, which are associated with high concentrations of organic matter,
solids, oils and greases, pathogens, and nutrients (Lim and Kim, 2014;
Bustillo-Lecompte and Mehrvar, 2015, 2016; Loganath and Mazumder,
2018; Musa et al., 2020; Brennan et al., 2021; Gongalves et al., 2023;
Oliveira et al., 2023).

The preference for anaerobic technologies over conventional aer-
obic ones is attributed to several advantages, e.g., low electricity con-
sumption, low sludge production, the ability to handle high hydraulic
and organic loads, reduced nutrient demand, smaller reactor volume,
applicability on a small scale, and biogas production with a high meth-
ane content (around 50-70%). This last aspect represents an alterna-
tive energy source with potential for local use within the wastewater
treatment plant itself, for electricity generation, and/or heating pur-
poses (Von Sperling and Chernicharo, 2005; Chernicharo, 2007; Guo
et al.,, 2015; Metcalf and Eddy, 2016; Van Lier et al., 2020; Mpofu et al.,
2021). However, these reactors require a post-treatment stage to ensure
that the treated wastewater meets environmental standards for dis-
charge or reuse in agriculture, particularly concerning the removal of
organic matter, pathogenic microorganisms, and remaining nutrients
(Von Sperling and Chernicharo 2005; Lim and Kim, 2014; Metcalf and
Eddy, 2016; Daud et al., 2018; Mai et al., 2018). Additionally, rather
than being captured in the gas hood, a significant portion of methane
(around 50% of total production) is lost as dissolved gas in the effluent.
This occurrence can lead to considerable energy losses and contribute
to greenhouse gas emissions (Stazi and Tomei, 2021).

It is worth noting that, although desirable from an energy utiliza-
tion perspective, high methane production in UASB reactors obtained
from high volumetric organic loads can significantly alter biochemical
reactions. This can adversely impact anaerobic digestion stages, leading
to reduced organic matter removal efficiency and decreased methane
production (Loganath and Mazumder, 2018; Musa et al., 2019, 2020).
Such conditions may also alter the flow regime of fluids and solids.
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These changes can compromise the stability and operational perfor-
mance of this type of reactor since its performance also depends on
physical factors such as liquid, gas, and solid velocities, interfacial mass
transfer, solid integrity, and axial dispersion (Brito et al., 2020).

The various physical factors and their different manifestations
within UASB reactors can have a significant impact on their operation,
potentially resulting in the development of recirculation zones, solids
drag (due to high hydraulic and/or organic loads), gas loss through
the reactor’s liquid outlet region (fugitive emissions) (Ruttithiwapa-
nich et al,, 2013; Das et al., 2018; Brito et al., 2020), and stagnant or
poorly mixed zones (in terms of vorticity magnitude) (Vesvikar and
Al-Dahhan, 2005; Ren et al., 2008; Cisneros et al., 2021). These factors
make the flow dynamics analysis of the reactors quite complex.

As a result, it is crucial to develop methodologies to evaluate flow
behavior in these reactors. A viable approach for this study was the
use of three-dimensional (3D) numerical simulation through compu-
tational fluid dynamics (CFD), which employs pre-defined mathemat-
ical models implemented in commercial software capable of simulating
complex models on high-performance computers. When combined
with experimental data, this methodology allows for the validation of
the proposed model and facilitates the analysis of both theoretical and
practical operating conditions for this type of reactor.

It should be noted that Brito et al. (2020) and Lima et al. (2011),
when studying multiphase flow in UASB reactors treating domestic
wastewater in 3D and 2D spaces, respectively, developed a suitable
mathematical model to represent the physics of the problem under
study. However, the numerical data were validated using suspended
solids concentrations at the reactor outlet and pressure distribution
along the reactor. Considering this, it is important to assess the pos-
sibility of developing a mathematical model and numerical simulation
with experimental validation of the numerical data obtained from the
biogas volumetric flow rate in the three-phase separator, since this pa-
rameter is a key indicator for evaluating the operational performance
of UASB reactors.

Bastiani et al. (2021) observed that few studies in literature ad-
dressed CFD in the context of three-phase flow. In their review of CFD
simulations of granular sludge anaerobic reactors, Bastiani et al. (2023)
concluded that a significant knowledge gap remains, particularly the

lack of validation of three-phase models with robust experimental
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data. As the authors pointed out, no documentation exists on the vali-
dation of a three-phase model for each phase involved in the flow.

In this scenario, the present study aimed to develop a mathematical
model and numerical simulation to investigate the behavior of multi-
phase flow in UASB reactors in 3D space, with experimental validation
of the numerical data for biogas volumetric flow. The primary focus is on
the distribution of volumetric phase fractions in the flow as a function of
different biogas volume fractions (0.026; 0.130; and 0.260). The proposed
steps include: 1. Obtaining experimental data from the monitoring of a
UASB reactor used in the treatment of industrial slaughterhouse effluent,
which are necessary for specifying the inlet conditions and validating
the proposed mathematical model; 2. Verifying whether the dispersed
multiphase flow model with interfacial transfer is suitable for modeling
the physics of the problem using the Eulerian-Eulerian approach; and 3.
Investigating the influence of different biogas volume fractions on the
flow of the mixture along the UASB reactor’s cross-sectional area, with
an emphasis on the analysis of numerical variables, including the veloc-
ity and percentage of liquid, solid, and gaseous phases, as well as the de-
formation rate of the solid phase.

Materials and methods
Numerical simulations of the multiphase flow inside the UASB re-
actor were performed using the Ansys CFX software.

Three-Dimensional Mesh

The 3D mesh used in this study was developed by Santos Junior
et al. (2017), who produced three distinct meshes with varying el-
ement counts (57,008; 96,020; and 184,808 elements). After refine-
ment and dependency analysis, the researchers found that the varia-
tions in the results obtained from the three different meshes showed
no significant differences.

Based on this finding, the mesh with 57,008 elements was selected
to represent the UASB reactor in this study. This choice was grounded
in the efficiency of the selected mesh, which, despite having a smaller
number of elements than the others, demonstrated the ability to pro-
vide reliable results. This efficiency allows for a notable reduction in
the computational effort required, optimizing the simulation process.

Figure 1 illustrates the mesh used in this study (A), representing the
sludge and three-phase separation regions, with details of the mixture
inlet (B), gas outlet (liquid-gas interface) (C), gas deflector (D), liquid
outlet (E), and three-phase separator (F). It is important to highlight
that the sludge region in the UASB reactor is divided into two main
areas: the sludge bed, which extends from the bottom of the reactor to
approximately half of its height, and the sludge blanket, which occupies
the upper part, from the midpoint up to the deflector.

Multiphase Modeling
In the study of multiphase flow within the UASB reactor, the
volume fraction distributions of the three phases—liquid (water),

gas (biogas), and solid (sludge)—were analyzed. Following the ap-
proach adopted by Brito et al. (2020), the dispersed multiphase flow
model with interfacial transfer was selected, using the Eulerian-Eu-
lerian approach.
The consolidation of the multiphase modeling was based on sever-
al aspects, including:
o Turbulent and transient flow regime (total time of 50 seconds and
timestep of 0.5 seconds).
o Three-phase flow composed of one continuous phase (liquid - o)
and two dispersed phases (biogas - B and sludge - ).
» Biogas was considered a mixture of methane and carbon dioxide
in proportions of 75 and 25%, respectively. These proportions were
based on experimental data (Gongalves et al., 2023). The properties
of biogas, considered a gas mixture of only methane and carbon di-
oxide, were determined by calculating the density and molar mass
of the mixture (Lima et al., 2011).
»  Biogas bubbles and sludge particles were assumed to be spherical with
a constant diameter of 3 mm (Owusu-Agyeman et al., 2019; Brito
et al,, 2020), assuming a homogeneous distribution of biogas bubbles
within the cross-sectional area at the reactor inlet (Figure 1B).
« Theinterfacial momentum transfer between phases o and 3 was only
a function of drag force. According to Chen et al. (2005), drag force
has the greatest effect on interfacial momentum transfer models.
« The following coefficients were used to determine drag force: Ishii
and Zuber (1979) for the biogas-water fluid pair and Schiller and
Naumann (1933) for the water-solid pair.
o The effects of biochemical reactions, temperature variations, and
mass transfer between phases were disregarded.
o Due to the complexity involved in studying or modeling porous
media, this model did not consider the sludge bed region as a po-
rous medium; instead, it was treated as a free-flow zone to simplify

the analysis of the flow within the reactor.

Figure 1 - Illustration of the mesh in three-dimensional space general
view (A), highlighting the sludge and three-phase separation regions,
mixture inlet (B), gas outlet (C), gas deflector (D), liquid outlet (E), and
three-phase separator (F).
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Based on the considerations above, the mass conservation equa-
tion (Equation 1) and linear momentum equations (Equations 2, 3, and
4) are presented as follows (Brito et al., 2020):

Mass Conservation:

Ve (rapal_fa) =0 (1)

Where:
r_ = volume fraction of phase o

a

, = density of phase o; and

a

U = velocity vector of phase o.

Linear Momentum Conservation:

For the liquid phase:

— — - — \T
Ve [1ra(pala ® Ua)] = =1aVp + V o {rupta (VU + (V0) )} + o
d) = —
ra(pa_pref)g + CIE‘B) (UB —Ua)

Where:
W, = dynamic viscosity of phase a;
p,,; = reference density;
g = gravitational force;
¢\ = interfacial drag term;
T = constant temperature of 29C (isothermal model), and

p = pressure.

For the gas phase:
— — — — \T
Ve [Tg(pﬁUﬁ ® UB)] = —r5Vp + Ve {Tlg[lﬁ (VUﬁ + (VUﬁ) )} + ( )
3
15(Pp—Pres)g + C,%)(ﬁﬂ —Uq)
Where:
’

B
p, = density of phase ;

= volume fraction of phase

(7/3 = velocity vector of phase f}; and
My = dynamic viscosity of phase f.

For the solid phase:
. = —\T
Ve[ (p, U, ® U,)] = —1,Yp + Vo {1y, (VI + (VT,) )} + w
ry(py_pref)g + Cg]i/)(l_jy - l_ja)

Where:
Y= volume fraction of phase y;
p, = density of phase y;
(_/')y = velocity vector of phase y;
u, = dynamic viscosity of phase ¥; and

¢ = interfacial drag term.
a

Rocha (2017) reports that the k-epsilon model is widely used in
turbulence modeling in CFD simulations because it offers an efficient

balance between result accuracy and computational effort.

Considering this, terms related to turbulent kinetic energy (Equa-
tion 5) and the turbulent dissipation rate (Equation 6) were added to
the model in this research (Brito et al., 2020):

Turbulent Kinetic Energy:

u
ve {ra [pauakoc - (li + GL:)] Vka} = 1Py = pata) + TDEZ’) ®)

Where:
K_=turbulent kinetic energy of phase o;
o
€, = turbulent dissipation rate of phase o;
u,, = turbulent viscosity of phase o
T;’;; = interfacial transfer for turbulent kinetic energy;
6, = constant with a value of 1.0; and

P_ = turbulence produced due to viscous and buoyant forces.

Turbulent Dissipation Rate:

L £
Ve [TaPaUaEa - (# + %) VEa] = ruk_a(cslpzz — Ceapata) + TOE[S”) (6)
£ a

Where:

T;;) = turbulent dissipation rate;

C,, = constant with value of 1.44;

C,, = constant with value of 1.92; and

0, = constant with value of 1.30.

Table 1 details the boundary conditions established for the reac-
tor’s 3D mesh. At the gas outlet boundary, which corresponds to the
liquid-gas interface, the Degassing condition was applied. This con-
dition allows only the gas phase (biogas bubbles) to pass through.
For the liquid (water) and solid (sludge) phases, the condition be-
haves like a smooth wall, preventing water and sludge from exiting
the domain (Ansys, 2024).

The determination of the gas phase volume fraction was based
on the estimated biogas production, calculated from the chem-
ical oxygen demand (COD) load entering the reactor, which is
converted into methane gas. However, this estimate does not ac-
count for the loss of dissolved methane in the effluent, follow-
ing the methodology proposed by Chernicharo (2007). Further-
more, the calculation of stoichiometric methane production did
not consider the total COD of the effluent, but only the biode-
gradable portion, represented by the biochemical oxygen demand
(BOD). Although this approach is not the most commonly used in
the literature, it is justified by the fact that the evaluated effluents
originate from an industrial slaughterhouse and, unlike domestic
sewage, tend to have higher COD concentrations and lower bio-
degradability (lower BOD), resulting in a high COD/BOD ratio.
This choice aims to avoid overestimating biogas production by
restricting the estimate to the fraction that is effectively convert-
ible into methane.

Revista Brasileira de Ciéncias Ambientais (RBCIAMB) | v.60 | e2300 | 2025



Three-dimensional numerical modeling and analysis of multiphase distribution in a UASB reactor with experimental validation of biogas volumetric flow rate

Table 1 - Boundary conditions established for the reactor’s three-
dimensional mesh.

Boundary conditions

Mass and momentum: Uy = U, = 0 edu U, = 6e~> m.s~1x

Mixture Inlet

(Inlet) Turbulence: low (intensity=1%)

Gas Deflector
(Wall)

Three-Phase
Separator
(Wall)

Reactor Wall
(Wall)

Gas Outlet
(Outlet)

Liquid Outlet
(Outlet)

Mass and momentum: No slip wall

Mass and momentum: No slip wall

Mass and momentum: No slip wall
Mass and momentum: Degassing condition

Mass and momentum: Static pressure (Pa): 101,000**

*Established based on the experimental flow rate applied to the reactor (Tab-
le 2); **a value of 101,000 Pa was assigned for static pressure at the outlet boun-
dary, corresponding to atmospheric pressure in the municipality of Juazeiro do
Norte (CE). A value of 0 Pa was assigned as reference pressure to ensure that
absolute pressure at the boundary matched atmospheric pressure (101,000 Pa),
since absolute pressure is the sum of static and reference pressures.

The solid volume fraction was calculated based on the production
of solids, along with information from specialized literature (Cher-
nicharo, 2007; Brito et al., 2020). The liquid volume fraction was de-
fined to ensure that the sum of the volume fractions of the liquid, solid,
and gas phases equaled 1.

The data for the operational conditions, such as hydraulic reten-
tion time, flow rate, and environmental parameters inside the reactor
(temperature and COD), which are necessary for estimating the gas
and solid volume fractions and validating the model, were obtained ex-
perimentally (Table 2). It is important to note that substrate collection,
system operation, monitoring of the wastewater’s physicochemical
variables, and determination of biogas volumetric flow rate followed
the same methodology used and described by Gongalves et al. (2023).

By applying the Chernicharo (2007) method to the experimental
data gathered in this study to estimate the gas phase volume fraction,
a value of 0.026 was obtained (Table 3; case 1). However, to achieve
one of the study’s objectives, which was to numerically evaluate the
reactor’s performance at higher gas volume fractions, two additional
fractions with higher values were defined (Table 3; cases 2 and 3).

Tables 4 and 5 present the physical properties of the phases an-
alyzed in the study and the numerical methods/convergence criteria
adopted, respectively.

For a more detailed discussion of the results, domains were defined
along the vertical Zx plane, with levels corresponding to heights of 0.05
m (Z1),0.58 m (Z2), 0.78 m (Z3), 0.98 m (Z4), and 1.32 m (Z5). These
domains allowed for the analysis of the investigated variables (solid de-
formation rate, velocity, and phase percentages) at various heights of
the UASB reactor studied.

5

Table 2 - Mean values of operating and environmental conditions.

Parameter Mean value

Temperature (°C)

Hydraulic retention time (h) 6.5
Flow rate (m®s1) 1.03e%
Influent COD (mg-L") 1030.5
Effluent COD (mg-L") 461.5
Influent BOD (mg-L") 190.5
Effluent BOD (mg-L!) 108.2
COD/BOD ratio 5.4
Volumetric biogas production (L-d ) 0.72

Table 3 - Volume fractions of the phases at the reactor inlet.

Cases/Phases Continuous Dispersed Gas | Dispersed Solid
Liquid (water) (biogas) (sludge)

Case 1 0.944 0.026 0.030
Case 2 0.840 0.130 0.030
Case 3 0.710 0.260 0.030

Table 4 - Physical properties of the phases

Density (p: kg-m™) 0.72 1020
Dynamic viscosity (l: Pa-s) 8.899:-10* 1.114-10° 1.295-10*
Diameter (d: mm) - 3 3"
Surface tension (0: N-m™) 0.072 -

Source: Brito et. al. (2020).

*In accordance with the study by Brito et al. (2020), which adopted an average
bubble diameter of 3 mm for bubbles detaching from the bed of a UASB reac-
tor; **Owusu-Agyeman et al. (2019) indicate sludge particle diameters ranging
from 0.4 to 4 mm; Metcalf and Eddy (2016) report diameters ranging from 0.5
to 4 mm in UASB reactors; Del Nery et al. (2008) report diameters ranging from
0.5 to 3 mm in a UASB reactor treating poultry slaughterhouse wastewater.

Table 5 - Numerical methods and convergence criteria.

Advection scheme High resolution

Transient scheme Second order backward Euler*
Turbulence numerics High resolution
Convergence criterion Root mean square residual<le®

Minimum loop coefficient: 1
Convergence control Maximum loop coefficient: 10**
Timescale control: Loop coefficient

Pressure: Trilinear

Interpolation scheme Velocity: Trilinear
Geometric shape function

*Recommended for most transient simulations (Ansys, 2024); **for multiphase
cases, the standard value of 10 iterations per timestep is more recommended
(Ansys, 2024).
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Results and discussion

validation of the model

To ensure the reliability and validity of the proposed model, it is es-
sential to perform a comparative analysis between the simulated results
and the experimental data. In this context, the biogas volumetric flow
rate at the reactor’s gas outlet boundary, specifically at the liquid-gas
interface, was selected as the parameter for this comparison. The val-
ues, detailed in Table 6, provide a clear perspective of this comparison,
showing the experimental flow rate, the simulated flow rate, and the
relative error.

In Table 6, a variation of 0.03 L-d* between the numerical and ex-
perimental biogas volumetric flow rates is identified, corresponding to a
relative error of only 4.2%. This small variation indicates that the applied
model effectively represents the multiphase flow inside the UASB reactor.

The low biogas production observed in the UASB reactor under
examination can be attributed to the relatively low volumetric organic
loading rate (3.81 kgCOD-m™-d"), which falls within the typical range
found in UASB reactors treating domestic effluents (2.5 to 3.5 kg-
COD-m™.d") (Chernicharo, 2007). These effluents, being significantly
more diluted than industrial ones, generate reduced amounts of biogas.
Another relevant factor is the COD/BOD ratio of 5.4, indicative of a
high inert fraction, which is also considered a limiting factor for biogas
production in the reactor studied.

Related research using CFD to investigate the behavior of three-
phase flow in UASB reactors has adopted different approaches to model
validation. Notably, Lima et al. (2011) and Brito et al. (2020) validated
their models by analyzing suspended solids concentration at the reac-
tor outlet in 2D and 3D spaces, respectively, achieving satisfactory re-
sults. Similarly, Bastiani et al. (2021), while also examining three-phase
flow in UASB reactors, validated their CFD model through numerical

simulations, primarily applying the liquid and gas velocity parameters.

Numerical simulations

All numerical simulations were conducted under the same initial
and boundary conditions, as specified in Table 3.

Figure 2 illustrates iso-surfaces (vertical plane) in three distinct
scenarios, labeled Case 1, Case 2, and Case 3, corresponding to the
spatial distribution of the gas volume fraction inside a UASB reactor.

In the three scenarios analyzed, the highest gas volume fraction is
observed in the lower part of the reactor, where a constant inlet condi-
tion was applied. In this region, the volume fraction of each phase re-
mains at its maximum throughout the simulation. However, due to the
difference in density, this fraction changes along the reactor, resulting
in a relative decrease in the direction of the flow.

The comparative analysis of the three cases suggests that the dis-
tribution of the gas volume fraction, visually observed in Figure 2, is
independent of the inlet volume fraction. This finding holds for biogas
volume fraction variations between 0.026 and 0.260.

6

Table 6 - Experimental and numerical biogas volumetric flow rates.

Validation parameters

Experimental biogas volumetric flow rate (L-d) 0.72
Simulated biogas volumetric flow rate (L-d!) 0.75
Relative error (%) 4.2

Figure 2 - Iso-surfaces of the gas volume fraction distribution for cases 1,
2,and 3.

Similar behavior was identified in the numerical evaluation con-
ducted by Lima et al. (2011) while investigating the distribution of gas
volume fractions. The authors detected significant amounts of biogas
along the deflector; however, in their work, the deflector was inclined
upward. This configuration facilitated the formation of clustered bub-
ble flows directed towards the interior of the three-phase separator.
The authors also noted an almost complete absence of gas entrainment
in the sedimentation zone. It is important to highlight that the reactor
operated with biogas and sludge fractions of 0.06 and 0.03, respectively.

Regarding the sedimentation compartment, there is no significant
presence of gas in the three cases analyzed at elevation Z5 (Table 7).
This aligns with practical results and the findings of Lima et al. (2011)
and Brito et al. (2020).

Bastiani et al. (2020), while analyzing the vertical profile of the bio-
gas volume fraction distribution generated by the simulation, identi-
fied that the gas tended to concentrate primarily near the reactor walls,
which reduced the area available for liquid flow. At the top of the re-
actor, the deflector directed the gas towards the outlet, a behavior that
aligns with the observations in this study.

Figure 3 presents three iso-surfaces illustrating the sludge volume
fraction in the studied UASB reactor under different flow conditions.
The solid volume fractions observed in the upper part of the reactor
(three-phase separation region) tend to settle against the phase separa-
tor walls. After sedimentation, the solids are directed toward the gas
deflector and channeled back into the reactor. This mechanism is cru-
cial for preventing the unwanted loss of solids along with the treated

effluent, ensuring that the solids remain inside the reactor. It increases
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the cell residence time (sludge age), allowing the sludge to continuous-
ly participate in the treatment process. Santos et al. (2016) emphasized
that reducing the contact time between organic matter and microor-
ganisms in the reactor sludge can compromise the hydrolysis of bio-
degradable COD and its conversion into soluble substrate, which, in
subsequent stages, is transformed into methane.

Table 8 shows that the gas velocity reaches approximately 200 times
the liquid velocity, primarily due to buoyancy effects. On the other
hand, solids” velocity, which moves in the opposite direction, is about
10 to 30 times that of the liquid and is mainly driven by gravity. Ac-
cording to Das et al. (2018), biogas bubbles rise with the turbulence of
the flow upon detachment from the sludge bed. This movement leads
to an upward flow velocity of the mixture higher than that generated by
the liquid alone. These results also indicate that the interfacial transfer
model used in this research is physically suitable for representing the
problem, as each fluid has its own velocity field while sharing the same
pressure field.

Table 9 details the values obtained for the sludge deformation rate
in domains Z1 to Z5 for the different cases studied.

Table 9 shows that, as the inlet gas volume fraction increases,
the solid deformation rate in domains Z1, Z2, and Z3 also increases.
This deformation increase can be attributed to the shear stress between
the rising bubbles and the descending solids. This trend becomes clear
when comparing cases 1, 2, and 3.

Domain Z4 showed random results, which can be linked to its
proximity to the gas deflector, making this region particularly complex
for evaluation. This complexity may be related to the water recircula-
tion caused by the reduction in the section area diameter.

In domain Z5, significantly lower deformation stresses were re-
corded compared to the other domains. This finding can be attributed
to the absence of biogas bubbles in this domain, as shown in Table 7.
Therefore, the solid deformation stress in this specific region is sole-
ly attributed to the upward liquid flow acting on the counterflowing
solid particles.

Another relevant finding concerns the percentage of solids distrib-
uted within the UASB reactor (Table 7). In the different cases studied,
the percentage of solids in domain Z5 was approximately 3.5%. Con-
versely, in domains Z2, Z3, and Z4, across all three cases, the percent-
age values ranged from 2.0 to 2.7%.

Table 7 - Percentage of phases at different reactor heights.

The average upward water velocities were 0.0008 m-s™ for cases
1, 2, and 3 at Z2 (0.58 m). Z2 is a height at which the flow behav-
ior is expected to be representative of the digestion compartment
(corresponding to the sludge bed; Figure 1), regardless of the inlet
boundary conditions or the gas deflector. These velocities exceeded
the maximum values established by Brazilian Regulatory Standard
NBR 12.209/2011 (Design of hydraulic-sanitary systems for waste-
water treatment plants), which are as follows: 0.000194 m-s* for av-
erage flow and 0.000333 m-s* for peak flow (ABNT, 2011). The aver-
age surface flow rate in the settling compartment also exceeded the
values specified by the standard. These results indicate that sludge
particle carryover occurred from the sludge zone to the settling com-
partment, resulting in an increased solids concentration in this com-
partment (specifically at Z5).

The lower percentage values in Z2, Z3, and Z4 are associated
with the fact that these domains are located in the sludge region,
where the flow is shared among the three phases (liquid, solids,
and gas), unlike domain Z5, which is part of the sedimentation
compartment. In this compartment, solids transported to the top
of the reactor tend to return to the sludge blanket due to gravity,
resulting in a biphasic (liquid-solid) separation. Theoretically, the
domain Z5 should be a region predominantly characterized by liq-
uid flow.

Figure 3 - Iso-surfaces of the sludge volume fraction distribution for cases
1,2, and 3.

Liquid phase (%) Solid phase (%) Gas phase (%)
Cases
2 2 ]2 ] 3]

Z1:0.05 m 49.741 50.496 51.145 50.258
72:0.58 m 97.329 97.329 97.327 2.671
73:0.78 m 97.313 97.312 97.310 2.686
74:0.98 m 97.915 97.906 97.867 2.085
7Z5:1.32m 96.504 96.507 96.512 3.496
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49.498 48.844 0.001 0.006 0.011
2.668 2.666 0.001 0.003 0.007
2.685 2.683 0.001 0.003 0.007
2.091 2.127 0.001 0.003 0.006
3.492 3.488 0.000 0.000 0.000
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Table 8 - Phase velocities at different reactor heights.

S S S N O B

0.0069 0.0071 0.0073 -0.0120
Z2 0.0008 0.0008 0.0008 -0.0272
73 0.0009 0.0008 0.0008 -0.0272
74 0.0011 0.0011 0.0011 -0.0257
Z5 0.0010 0.0010 0.0010 -0.0269

Table 9 - Solid deformation rate at different reactor heights.

72:0.58 m 0.5871 0.5887
73:0.78 m 0.6250 0.6258 0.6285
74:0.98 m 1.1552 1.2460 0.9888
7Z5:1.32m 0.2174 0.2147 0.2115

In domains 2 (Z2=0.58 m), 3 (23=0.78 m), and 4 (Z4=0.98 m),
the solids percentages were found to be consistent with those
typically observed in the operation of UASB reactors, which, ac-
cording to Chernicharo (2007), generally range between 1 and
3%. However, these values exceed the maximum safety limit rec-
ommended by Lobato et al. (2018), which is 0.5%, in order to
prevent sludge carryover to the sedimentation compartment and
excessive solids loss in the effluent. To meet the recommenda-
tion of Lobato et al. (2018), considering the current reactor con-
figuration and the same solid characteristics, it would be neces-
sary to reduce the upward liquid velocity in the inlet domain of
the reactor.

Figure 4 illustrates three distinct representations of the water
volume fraction in the studied UASB reactor.

In Figure 4, the predominance of red coloration reflects the
high liquid volume fraction. However, the formation of blue trails
indicates the path of settling solids, a feature similar to that ob-
served in Figure 3 for the solid volume fraction.

In all three scenarios, the blue trails outlining the sludge sedi-
mentation path remain consistent, despite variations in water and
biogas volume fractions. These trails provide insights into the flow
behavior and sludge retention. The visual similarities reinforce the
understanding that changes in the water and biogas volume frac-
tions do not directly affect the sludge sedimentation pattern.

Bastiani et al. (2021) reported that water flow occurs through
the central part of the reactor, influenced by the tendency of bio-
gas to concentrate mainly near the reactor walls. This phenomenon
may be related to the distribution system used by the authors.
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-0.0119 -0.0118 0.1260 0.1262 0.1266
-0.0273 -0.0273 0.2298 0.2298 0.2297
-0.0273 -0.0273 0.2298 0.2298 0.2298
-0.0247 -0.0267 0.2303 0.2303 0.2302
-0.0269 -0.0269 0.2051 0.2246 0.2275

Figure 4 - Iso-surfaces of the water volume fraction distribution for cases
1,2, and 3.

Conclusions

The validation of the mathematical modeling of multiphase
flow in a 3D UASB reactor used in this research was considered
adequate, as the discrepancy between the numerically obtained bio-
gas volumetric flow rate and the experimental measurement was 0.3
L-d”, representing a relative error of only 4.2%.

The dispersed multiphase flow model with interfacial trans-
fer, using the Eulerian-Eulerian approach, also proved physi-
cally suitable for representing the investigated problem, as each
phase of the liquid, solid, and gas mixture exhibited distinct ve-
locity fields.

The results indicated that the flow behavior of the liquid, solid,
and gas phases remained constant, regardless of the inlet gas vol-
ume fraction. The difference in velocities between gas and solids,
governed by buoyancy and gravity, respectively, was also highlight-
ed, with gas moving approximately 200 times faster than the liquid,
while solids moved 10 to 30 times faster than the liquid in the op-
posite direction.

It was also observed that an increase in the gas volumetric frac-
tion at the reactor inlet results in a higher deformation rate of solids
during the sedimentation process in the sludge region.

It is important to emphasize that for the modeling to be appli-
cable to larger-scale reactors, it is essential to consider how changes
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in reactor dimensions will affect the overall system performance.
This requires a detailed assessment of hydrodynamic conditions,
including the analysis of velocities, volumetric fractions, shear
rates, and other relevant parameters, to ensure that the model ade-
quately represents the flow behavior at a larger scale.

The lack of previous research using CFD in UASB reactor mul-
tiphase flows, which validates its modeling based on biogas volu-
metric flow rate, underscores the innovative nature of this study.
This approach offers a new validation criterion that could guide
future research in UASB reactor flow modeling.
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