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Abstract: UASB reactors are a promising option for environmentally friendly wastewater treatment
due to their reduced carbon footprint and their capacity to treat a variety of wastewater strengths,
among other recognized advantages over alternative wastewater treatment systems. The Influent
Distribution System (IDS) is a critical structure for generating granules in a UASB reactor since it
provides the required flow hydrodynamics for their formation. Thus, the objective of this study
was to evaluate and compare the efficiency of five IDS configurations to generate ideal granulation
conditions using Computational Fluid Dynamics (CFD) simulations. The IDS configurations were as
follows: (C1) single radial inflow, (C2) upward axial inflow, (C3) downward distributed axial inflow,
and two novel configurations in the form of (C4) double opposite radial inflow and (C5) downward
tangential inflow. The hydrodynamic response of configuration C1 was validated in a physical model
with dynamic Froude similitude. The granulation measurement was velocity-based in the reactor
reaction zone using steady-state CFD simulations. The novel IDS configuration C4 was the one that
resulted in the highest granulation volume, with up to 45.5% of the potential granulation volume of
the UASB reactor, in contrast to the IDS C2 that obtained the lowest granulation with only 10.8%.
Results confirm that the IDS directly impacts the hydrodynamics of the reactor and that model-based
design can be used to ascertain IDS configurations that better promote granulation in UASB reactors.

Keywords: wastewater treatment; computational fluid dynamics (CFD); UASB; influent distribution
system (IDS); opposite radial inflow; granulation

1. Introduction

Anaerobic biological wastewater treatment technologies generate high expectations in
the field of environmental sanitation because, in addition to having the ability to treat a va-
riety of wastewater strengths [1-3], they are more environmentally sustainable technologies
than their aerobic counterparts [4]. Anaerobic technologies could replace or complement
aerobic-based treatment systems due to the advantages they provide, including biogas
recovery, low excess sludge production, low construction, and operating costs, as well as
low footprint and nutrient requirements [5]. Thus, anaerobic technologies will be crucial to
comply with goals 6 and 7 of the United Nations 2030 Sustainable Development Agenda [6].

The Upflow Anaerobic Sludge Blanket (UASB) reactor is one of the most remarkable high-
rate anaerobic wastewater treatment technologies. The UASB, developed by Lettinga et al. [7],
is recognized as the most commonly used anaerobic wastewater treatment system on the
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planet [8], especially in South America and South Asia [9]. The generation of granular
sludge is one of the main factors that has influenced the success of the UASB reactor
since its presence allows treating wastewater with high organic loads in small volume
reactors [10]. The microbial aggregate (i.e., granules) constituents of the granular sludge are
formed by a multispecies bacterial consortium (hydrolytic, fermentative, acetogenic, and
methanogenic bacteria) in a syntrophic relationship, which form inside the reactor during
its start-up stage [11]. Microorganisms tend to develop into granules as a form of protec-
tion against predators and unfavorable environmental conditions [12]. Unlike flocculant
sludge, granular sludge is dense and compact, which benefits its settling properties [13].
Furthermore, the limited diffusion within the granules makes them more resistant to the
presence of toxins and to process shocks [14].

Although the driving forces for the development of granules are not well understood,
it is known that environmental factors (e.g., temperature, pH), chemical factors (e.g., poly-
mers and cations), and operational factors (e.g., reactor hydrodynamic conditions, substrate,
and seed characteristics) play an essential role in their development [15,16]. According to
Noyola and Moreno [17], within a UASB reactor, the most critical factor for the formation
of granules is the upward flow velocity, confirming the hypothesis of the selection pressure
theory of Hulshoff Pol et al. [18]. This theory suggests that during the reactor start-up stage
if no inoculum has been added, dispersed microbial congregations (i.e., flocs) form [11].
The selection pressure takes effect when the upward velocities wash the light and disperse
sludge out, retaining only the heaviest particles within the reactor, which become organic
or inorganic nuclei for granule formation. The granules increase in size up to a certain limit
until part of their structure collapses, generating new growth nuclei [19]. Under conditions
of low selection pressure, biomass growth occurs mainly as flocculant sludge, a low-density
suspended sludge with unfavorable settling properties [20], that is easily expelled from the
reactor, deteriorating the quality of the effluent.

The Influent Distribution System (IDS) is a key structure in the UASB reactor. It is
responsible for properly distributing the water inflow, substrate, and nutrients so that the
granulation process occurs properly [21]. The IDS is directly related to the hydrodynamics
of the reactor and, therefore, to the selective pressure that it can exert on the granule growth
nuclei. In addition, its configuration can favor or disfavor the formation of channeling and
stagnant zones, reducing the effective volume of the reactor, increasing the required time
to obtain a viable granular sludge inventory (i.e., start-up time). UASB design guidelines
recommend that the IDS be composed of multiple pipes discharging the inflow to the
bottom of the reactor. This configuration attempts to distribute the flow evenly, which
would result in homogeneous upward flow velocities [10,22-24]. However, many research
works underestimate the influence of IDS on the reactor start-up time and its overall
efficiency. Research on UASB reactors by Yang, Wang, et al. [25], Ozgun, Ersahin, et al. [26],
or Singh and Viraraghavan [27], just to mention a few cases, use IDS configurations that are
far from the recommended conditions, which would affect the hydrodynamics of the reactor.
Without incorporating appropriate hydrodynamic characterizations, the usefulness of the
results in UASB reactor studies may be limited, as they are difficult to evaluate, compare,
and apply in practice. The flow hydrodynamics of the reactor can be influenced by the
reactor configuration (e.g., IDS or gas-liquid-solid separator), by the operating conditions
(e.g., flow rate, flow regime), or even by environmental conditions (e.g., temperature, wind).

For this reason, special care must be taken when designing full-scale UASB reactors
using extrapolated results from studies that used reactors with different hydrodynamic
characteristics. This fact even applies to design guidelines, whose recommendations are
based on operational experience and hydrodynamic conditions that are unlikely to be
accurately met when implementing new systems. The extrapolation of data can lead to the
construction of reactors with treatment efficiencies that differ from those expected, resulting
in economic losses. Therefore, to conclude a full-scale reactor design, its hydrodynamic
characteristics must be verified either in a pilot-scale reactor or in a laboratory-scale
reactor under dynamic similitude [28,29]. However, creating and monitoring physical
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models is costly, time-consuming, and typically only a limited number of configurations
and operational scenarios can be assessed. These limitations can be overcome by using
computational fluid dynamics (CFD), which allows the simulation of reactor flow behavior
under various geometric, environmental, and operating conditions. Although a validation
stage is required for a CFD simulation using data from physical models, this approach
significantly reduces design costs. Thus, using CFD model-based design is increasingly
common in wastewater treatment [30-34].

CFDs have been applied in UASB reactors, especially for reactor design and hydrody-
namic evaluation. Souza et al. [35] hydrodynamically characterized the settling zone in
a UASB reactor using CFDs. The authors found that the recirculation patterns produced
by the GLSS significantly contributed to the separation of solids from the treated flow.
Similarly, Wongnoi et al. [36] modified a GLSS using a model-based design approach,
obtaining a more efficient structure that reduced the premature exit of solids from the
reactor. Other studies using the technique have revealed, for instance, the presence of
a discontinuity in the flow within the reaction zone [37] or that the water inlet velocity
directly relates to the height of the sludge layer [38]. However, there is an information
gap on the relationship between IDS configurations and their potential for granule pro-
duction. CFD tools can be used to determine the IDS configuration that offers the greatest
benefits for developing granular sludge and reducing the start-up time in UASB reactors.
Although the start-up of a reactor can be accelerated by incorporating a granular seeding
from another system, its acquisition and transport are expensive, and its availability is
usually limited [16]. In addition, this approach requires long periods and special care of the
granules to adapt to the new operating and treatment conditions. Therefore, the best option
continues to be the generation of granular sludge directly with the wastewater and under
the reactor’s actual operating conditions. Finding an IDS configuration that provides the
highest granulation rate at the lowest implementation, operation, and maintenance costs
is a critical requirement for advancing the development of UASB reactors. This advance
would better promote the expansion of this type of reactor, significantly reducing the
environmental impact generated by conventional wastewater treatment systems.

This study aims to characterize and compare the flow hydrodynamics and granulation
conditions produced by five IDS configurations in a cylindrical UASB reactor in its start-up
stage using 3D single-phase CFD simulations. The selected IDS configurations are those
commonly reported in the literature and design guidelines, i.e., single radial inflow (C1),
upward axial inflow (C2), and downward distributed axial inflow (C3). The two additional
configurations are opposite double radial inflow (C4) and downward tangential inflow (C5),
which are novel design-based IDS configurations proposed by the authors and included
herein to ascertain if they could improve the hydraulic efficiency of the reactor by increasing
the granulation volume in the reaction zone.

2. Materials and Methods
2.1. UASB Reactor

The cylindrical UASB reactor used herein was designed following the design guide-
lines by De Lemos Chernicharo [23] and Bressani-Ribeiro et al. [22] and is sized to treat
1 L/s of low-strength wastewater. The height and diameter of the reactor are 8.1 m and
2.5 m, respectively, providing a total effective volume of approximately 41 m® and a hy-
draulic residence time (7;,) of approximately 12 h. The reactor has a conical gas-liquid-solid
separator (GLSS), a gas baffle, and an external gutter for treated water collection, as shown
in Figure 1. This reactor has yet to be built as it is intended to use a model-based design ap-
proach to evaluate and optimize its IDS. Thus, the primary purpose of the reactor’s design
is to evaluate the effect of five different IDS configurations on the global hydrodynamics
of the reactor, which are expected to impact on the granular sludge development process.
The evaluated configurations are depicted in Figure 2 and include (a) a single radial inflow
configuration (C1), formed by a single lateral inlet pipe located at the bottom of the reactor,
which is used in studies by Moawad et al. [39] and Singh et al. [40], (b) an upward axial
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inflow configuration (C2), consisting of a single inlet pipe located in the vertex of the
conical base, similar to that used by Wu and Chen [41] and Das et al. [1], (c) a downward
distributed inflow configuration (C3) that is formed by 5 inlet pipes pointing the water
towards the bottom of the reactor. This configuration complies with UASB reactor design
guidelines by De Lemos Chernicharo [23] and is applied in the study by Bastiani et al. [42].
(d) The opposite radial inflow configuration (C4), is formed by two inlet pipes pointing
towards each other at the bottom of the reactor; and, (e) the tangential downward inflow
configuration (C5), which is formed by two pipes ejecting water tangentially to the wall
towards the bottom of the reactor at an angle of 45°. These two IDS are novel configurations
proposed by the authors and were designed based on the idea that the water inlets should
produce the highest turbulence in the reaction zone. This turbulence would generate an
intensive mixing of substrate and nutrients with the biomass and minimize flow short-
circuiting and dead zones. The turbulence must be quickly dissipated as the flow moves
upward to allow the proper generation of the granular biomass. The proposed IDS designs
also attempt to reduce the complexity of the operation, construction, maintenance, and use
of materials. The five configurations were used in the simulations to evaluate the one that
could benefit the hydrodynamics of the reactor in a better way and, therefore, its efficiency.
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Effluent _ e Biogas
gutter 1\ . 7 weir [ weir / outlet Effluent
T F— | .
I\ ~7 ] Water outit ; / o e
fz—  pire ' / ¥
\\ ) R o |
Lo N ™~ Gas, liquid, =~ ;
N < \ sold separator — Sedimentation
/ AN Sedimentation compartment
< compartment
\ Biogas /
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Reaction Zone Reaction Zone
] \ Water inlet
/ pipe
Water inlet / e
pipe
(a) (b)

Figure 1. Components of the UASB reactor with IDS configuration C1. (a) Cross-section view; (b) 3D view.

The global reactor’s Reynolds number (Re) is calculated using Equation (1), where p
and y are the density (998.8 kg/m?) and dynamic viscosity of the fluid (1.08 x 1073 kg/m ),
Q is the flow rate of the reactor, and D is the diameter of the reactor. The resulting Re is
close to 450, which indicates that the overall regime of the reactor is laminar.

Re = LOQ

= oD (1)
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Figure 2. IDS configurations evaluated with CFD. (a) Single radial inflow (C1); (b) upward axial inflow (C2); (c) downward
distributed axial inflow (C3). (d) Opposite double radial inflow (C4); (e) downward tangential inflow (C5).

Equation (2) is used to estimate the jet Reynolds number (Re;) [43] for the water inlets
in each case. Where u represents the velocity of the jet flow, and D is the diameter of the
water discharge pipe. The inlet jet Reynolds numbers for each case are presented in Table 1.

@

Table 1. Jet Reynolds number of evaluated IDS configurations.

IDS Configuration

Parameter
c1 C2 C3 C4 C5
Number of water inlets 1 1 5 2 2
Diameter of water inlet (mm) 114 114 72 72 72
Jet Reynolds number (R3j> 10,036 10,036 3178 7945 7945

2.2. Laboratory Scale Reactor

The geometry of the IDS configuration C1 (Figure 2a) was used to build a laboratory-
scale reactor in order to validate the CFD simulations. The use of a laboratory-scale model
is an approach often taken when full-scale reactor hydrodynamic data is not available.
The configuration C1 was chosen because it is the most unfavorable IDS configuration
among the five shown in Figure 2. This configuration generates the jet flow with the highest
Rej among the evaluated IDS. In addition, the turbulence generated by the jet dissipates
rapidly to a laminar regime as the flow moves upward after colliding the opposite wall of
the reactor. The flow patterns generated by this configuration are particularly challenging
for CFD simulation and are, therefore, suitable for validation purposes.

The dimensions of the laboratory-scale reactor were obtained using the dynamic
similitude of Froude following the recommendations of Jamadi and Alighardashi [44]. The
Froude dimensionless number was chosen since the cylindrical UASB reactor is considered
an open hydraulic structure. Therefore, the forces that have the most significant influence
on its hydraulic behavior are inertia and gravity [45]. The applied geometric similitude ratio
was A = [, /1, = 30.4, obtaining a velocity and time ratio of u,/uy, = VA= tp/tm = 5.5,
where [ refers to the length, ¢ to the time, u to the velocity. The subscripts p and m refer to
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the dimensions of the full-scale reactor and the laboratory-scale model, respectively. The
laboratory-scale reactor was made of transparent LDPE with an internal diameter of 84 mm
and a height of 267 mm, with an effective volume of approximately 1.45 L, as described in
Cisneros et al. [28].

2.3. Tracer Tests

In order to obtain the residence time distribution (RTD) curve for the CFD validation,
tracer tests were performed in the laboratory scale reactor using the stimulus-response
pulse technique [46]. For the tests, the inflow in the scaled reactor was maintained at a
constant rate of 12.0 & 0.2 mL/min, obtaining a theoretical hydraulic retention time () of
approximately 2.15 h. Sodium chloride (NaCl) solution (Fisher Scientific, Loughborough,
UK, CAS 7647-14-5 reagent grade) at a concentration of 1500 mg/L was employed as the
tracer. The recommendations and the hardware of the automated tracer testing system
presented by Cisneros et al. [28] were used to perform the tracer tests in this study. The
specific conductance values were converted to NaCl concentrations by applying a calibra-
tion curve whose determination coefficient was R? 22 0.99. The tests were conducted until
the recovery of the tracer reached at least 95%. All experiments were performed under
laboratory conditions at a temperature of 17.5 °C = 0.5 °C.

2.4. CED Study
2.4.1. Domain Discretization and CFD Simulation

Fluent Meshing (ANSYS, Canonsburg, PA, USA) was used to generate poly-hexcore
based unstructured grids from the 3D geometries shown in Figure 2a—e. Poly-hexcore grids
combine poly prismatic elements with hexahedral elements whose interfaces are filled with
polyhedral cells (Figure 3a,b). This grid type was chosen because it requires up to 40% fewer
elements and speeds up the simulation convergence by 14% to obtain the same accuracy as
alternative grid types [47]. Grid densities were intentionally increased in the water inlet
and outlet zones and where flow separation occurs (i.e., GLSS base and gas baffle) using
proximity and curvature functions, as seen in Figure 3a,b. Since the flow separation from the
reactor walls can have a relevant effect on the overall hydrodynamics of the reactor [48], the
viscous sublayer was resolved in the CFD simulations. Thus, inflation layers were included
in the reactor walls to maintain a dimensionless wall distance magnitude y™ ~ 1. The
enhanced wall treatment option was enabled to maintain a y™ insensitive wall treatment
for the e-based turbulence model.

Zero-shear

wall
Inflation

Polyhedral

cells
Denser Pressure
grid outlet
Inflation
layers

No-slip
wall

Velocity _/

inlet

(a) (b)

Figure 3. Grid details and boundary conditions: (a) water inlet zone, (b) GLSS and water outlet zone.
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Single-phase, isothermal CFD simulations were performed using Fluent 19.5 (ANSYS,
Canonsburg, PA, USA). Only the liquid phase was simulated in this study since it ad-
equately represents the flow within the reactor during its start-up stage, as mentioned
in Section 1. Understanding how different IDS configurations affect the hydraulic be-
havior of the reactor during this stage is critical for generating the conditions for im-
proving granular sludge production. The simulated liquid was assumed to be incom-
pressible and had Newtonian behavior with a density of 998.8 kg/m? and a dynamic
viscosity of 1.08 x 1073 kg/m-s. These conditions are considered realistic, assuming that
the concentration of suspended solids during the start-up stage of a UASB reactor treat-
ing low-concentration wastewater is in the order of 30 mg/L. According to Vesvikar and
Al-Dahhan [49], these characteristics provide a good approximation for anaerobic reactor
modeling purposes. The boundary conditions for the simulations are detailed in Table 2.

Table 2. CFD boundary conditions.

IDS Configuration

Boun Type i
oundary P Unit Cland C2 c3 C4 and C5
Water inlet Velocity inlet m/s 0.095 0.048 0.12
Water outlet Pressure outlet Pa 0 0 0
Reactor wall No-slip wall - - - -
GLSS wall No-slip wall - - - -
Water surface Zero-shear wall - - - -

The pressure-velocity coupling for the numerical solution was performed as per the
Semi-Implicit Method for Pressure Linked Equations (SIMPLE) [50]. The least-squares cell-
based scheme was applied to calculate gradients, scalar values on cell faces, and velocity
derivatives. This scheme provides substantial computational savings while maintaining
high precision in the results [51]. The second-order upwind scheme was used for the spatial
discretization to obtain greater accuracy in the results. The convergence of the simulations
was judged based on monitoring the residuals and solution imbalances until reaching a
value lower than 10 x 107, Velocity and pressure checkpoints were also included as local
monitors for convergence evaluation. The simulations were run on a 6-core 2.9 GHz 64 GB
Xeon workstation.

The Grid Convergence Index (GCI) [52] was used to obtain the discretization error
of the CFD simulation. The GCI method involves running simulations on successively
smaller grids to determine the error band of how far the calculated value of a quantity of
interest is from its asymptotic value when using a hypothetical zero-space grid, which is
estimated using Richardson’s extrapolation technique [53]. The Peclet number (Pe), the
hydraulic residence time (HRT), and the peak of the RTD curve E (G)Wak were employed
as global performance parameters. The simulated flow velocity (v) in the middle of the
reactor, at 0.5 m from the bottom, was also used as a local performance parameter for the
grid convergence study. A discretization error < 5% was considered adequate for this study
to obtain representative results of the reactor’s behavior at a reasonable computational cost.

2.4.2. Governing Equations

The flow was solved using the mass and moment conservation equations presented in
Equations (3) and (4).
=0 ®)

= —Vp+V:(7) +pg 4)

T (v? + v?T) 5)
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where p is the static pressure, T the shear stress tensor (Equation (5)), § the gravitational
acceleration vector, ; the fluid velocity vector, and ¢ the time.

In order to reduce the computational cost to describe the turbulent flow within the
UASB reactor as accurately as possible, the performance of two RANS turbulence closure
models was tested. The realizable k-epsilon model and the SST k-omega model were
chosen due to their high performance to simulate the free-flow region and the possible
incidence of boundary layers in the global hydrodynamics of the reactor. The performance
of these turbulence models to reproduce the RTD curve from the laboratory scale reactor
was verified using the Nash-Sutcliffe efficiency index (see Section 2.5).

Realizable k-epsilon Model

The realizable k-epsilon model [54] is a robust, low computational cost, semi-empirical
model that can be used to simulate a wide range of turbulent flows. It offers better
performance than the standard version to solve rotating flows, boundary layer flows,
and free flows with jets and mixing layers [51]. The transport equation to estimate the
turbulence kinetic energy (k) is shown in Equation (6). This model overcomes a deficiency
of the standard model by solving the round jet anomaly by using a modified equation to
estimate the turbulent dissipation rate (&) (Equation (7)).

9 9 _ 9 pe\ 9k _

3t (PR) + 5 (k) = 50 [(u + Uk) ox, | T Ot G e ©)
0 0 i ue\ oe & €
g(P@ + aixj(pguj) = aTC] [(V + 0.£> aTC] +pCqSe — PCZW + ClsECl’)eGb )

where u; is the velocity component in the corresponding direction, y; represents eddy
viscosity, Gx and G, are the turbulence kinetic energy generation due to mean velocity
gradients and buoyancy, respectively. Cy,, Cy,, C3¢ are constants of the model. oy and o are
the turbulent Prandtl numbers for k and ¢, respectively. S represents the modulus of the
mean rate-of-strain tensor.

SST k-omega Model

The Shear-Stress Transport (SST) k-omega model developed by Menter [55] is a turbu-
lence closure model that combines the excellent performance of the omega and epsilon-
based models in the viscous sublayer and in the free-flow region, respectively, using a
blend function [51]. The transport equations that describe the turbulence kinetic energy (k)
and the specific dissipation rate (w) are presented in Equations (8) and (9), respectively.
In these equations G, is the generation of w, Yy and Y,, represent the turbulence dissipation
terms for k and w, D, the cross-diffusion term and, Iy and I, the effective diffusivity [53].

0 d 0 ok

5 (0k) + E)Tci(pku") = o <Fkaxj> + Gp — Y ®)
d d d ow
at(Pw)+aM(Pw“i)—a%<Fwaxj> 4+ Guw — Yo + Dy 9)

The blend function (Equation (10)) depends on the distance to the next surface y
(Equations (11)) and the positive portion of the cross-diffusion term D, (Equation (12)).
This function modifies the Prandtl numbers o} and oy, (Equations (13) and (14)) and thus
the effective diffusivity I} and I3, (Equations (15) and (16)).

Fy = tanh (gb;*) (10)
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%= H TR 13)
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The eddy-viscosity is limited during the calculation of the turbulent shear stress
(Equation (17)), where a* is the low-Reynolds number correction coefficient, and F; is given
by Equations (18) and (19) [51].

1
Bt ="t 7 (17)
Y max [a%, al—d
F, = tanh (@%) (18)
vk 500y
= 1
@2 = max [20.09wy' ) (19)

2.4.3. Species Transport

The stimulus-response pulse technique [46] was used to obtain the RTD curves em-
ployed to characterize the different IDS configurations’ influence on the UASB reactor’s
hydrodynamics. During the CFD simulations, 1500 mg/L of a tracer with a density
of 1002 kg/m> was injected into the reactor inlet for 120 s. Equation (20) presents the
convection-diffusion expression employed to estimate Y (i.e., the tracer local mass fraction).
In this equation, R represents the species production net rate through chemical reaction,

N
and | is the tracer flux diffusion due to concentration and temperature gradients [51].

0 —
g(pY)—l—V-(p?Y) — V-] +R+S (20)

The mass diffusion expression is presented in Equation (21), where D, is the mass
diffusion coefficient in the mixture, Dt is the thermal diffusion coefficient, and Sc; is the
turbulent Schmidt number [51].

> VT
= —(po—l—SVCtt)VY—DTT 1)

2.5. Characterization Variables

In order to determine the hydraulic characteristics of the reactor with the different
IDS configurations, the following characterization variables were estimated. The Mor-
rill Dispersion Index (MDI) (Equation (22)) was used to measure the dispersion of the
tracer within the reactor [56]. It is computed by relating the 90 percentile (Py) to the
10 percentile (Pyg) of the cumulative tracer curve. The Morrill volumetric efficiency (V)
(Equation (23)) was employed to estimate the portion of the reactor volume that is actually
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being used [56]. The Short-Circuiting Index (SCI) (Equation (24)), measures the mixing
efficiency in a reactor, which can be affected by channeling, back mixing, or stagnant
zones [57]. In Equation (24), t; represents the time in which the tracer is detected for the
first time at the reactor outlet when generating the RTD curve; T represents the theoretical
hydraulic residence time of the full-scale reactor (1,) or the laboratory scale (). The
dead volume (V) (Equation (25)) indicates the portion of the reactor volume that is not
operational, due to poor flow distribution [58]. Moreover, in Equation (25),  is equal to
the average normalized retention time of the reactor. The granulation volume fraction
(Vgr) (Equation (26)) is estimated to determine the portion of the reactor’s reaction zone
that meets the granulation criteria (i.e., where the upward flow velocities are between
0.5 and 6 m/h) [23]. Where, V, represents the volume of granulation calculated by adding
the cells” volumes in the reaction zone of the CFD simulation that meet the granulation
criteria. Vj is the volume of the reaction zone.

The goodness of fit between the simulated RTD curves and those obtained from the
tracer tests was estimated using the Nash-Sutcliffe efficiency (NSE) index. The NSE index
can vary between —co and 1, resulting in 1 when the fit between curves is perfect. Equation
(27) was used to calculate the NSE index, where Cp; is the concentration of the tracer at
time ¢ measured in the physical model. Cp is the average concentration of the tracer during
the entire test in the physical model and Cg; is the concentration of the tracer at time ¢ from
the CFD simulation.

MDI = 0 22)
10
A (23)
¢~ MDI
t,
scI=- 24
! (24)
t
v, = (1 - T) x 100 (25)
Vg
NSE =1 = (Cor = Cst) (27)
Y- (Cot — Co)

3. Results and Discussion
3.1. Grid Convergence Analysis

The IDS configuration C1 (Figure 2a) was selected to perform the grid convergence
analysis. Three different quality grids were generated for this analysis: a coarse quality
grid with 1,281,435 cells, a medium grid with 2,796,190, and a fine grid with 6,165,642 cells.
The element size refinement ratios between the coarse and medium grid and between the
medium and fine grid were approximately 1.3. For the transient simulation, time steps
of 0.25, 0.20, and 0.15 s were used for the coarse, medium, and fine grids, respectively,
to keep the Courant number below 0.8. The grids had average skewness values ranging
from 0.03 to 0.06 (Table 3), indicating that the poly-hexcore based grid provides exceptional
quality [51] for CFD simulation. The performance parameters shown in this table became
asymptotic as the size of the grid cell decreased, approaching Richardson’s extrapolation
values, which is a sign of monotonic convergence.
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Table 3. Grid quality and performance parameters.

Grid Performance Parameters
Grid A
Qualit verage . .
y Cell Size (m) Refinement Ratio Average Skewness Pe E(0)peak HRT v

Fine 0.019 1.3 0.03 8.02 0.853 653.82 0.0069
Medium 0.024 1.3 0.04 7.97 0.850 654.53 0.0070
Coarse 0.032 0.06 7.55 0.822 659.56 0.0079
RE 8.02 0.853 653.71 0.0069

Note: Pe—Peclet number; E(6),,;x—tracer dimensionless concentration peak; HRT—hydraulic residence time (min); v—local flow velocity
(m/s); RE—Richardson extrapolation.

The local flow velocity is the performance parameter that generates the highest GCI
values for all cases, with a maximum of 16.62% for the coarse grid (Table 4). On the global
performance parameters, the calculation of the Peclet number is the one that produces
the highest GCls, with a maximum GCI of 7.54% for the coarse mesh. On the other
hand, the HRT is the parameter with the lowest incidence on the GCI values with a
maximum of 1.12% for the coarse grid and 0.02% for the fine grid. All performance
parameters in the evaluated grids reached an Asymptotic Range of Convergence (ARC)
value of approximately 1. The medium-quality grid was chosen to perform the rest
of the simulations in this study because it offered the quality required to estimate the
performance parameters with an error within the expected range (see Section 2.4.1) at the
lowest computational cost.

Table 4. Grid convergence index.

GCI (%)
Grid Quality
Pe E(8) peak HRT v
Fine 0.117 0.031 0.021 0.129
Medium 0.951 0.380 0.156 1.495
Coarse 7.540 4.482 1.118 16.624
ARC 1.007 1.003 0.999 0.990

Note: Pe—Peclet number; E(6),.—tracer dimensionless concentration peak; HRT—hydraulic residence time;
v—Ilocal flow velocity (m/s); ARC—asymptotic range of convergence (unitless).

Since the IDS configuration C1 has the most unfavorable conditions for CFD simulation
(due to its complex flow patterns and high jet Reynolds number), the discretization errors
of the remaining IDS configurations are assumed to be less than those obtained in Table 4.

3.2. Tracer Test and Selection of the Turbulence Model

Four tracer tests were conducted to characterize the hydrodynamic behavior of the
UASB reactor using a hydraulically scaled physical model (laboratory-scale reactor). The
RTD curves resulting from these tests are presented in Figure 4a. Despite the data dispersion
among the obtained RTD curves, their shapes resemble the response of a tank reactor with
dead zones and channeling, which is the expected response of a UASB reactor [59]. The
dispersion of data among the four tracer tests can be attributed to flow instabilities in
the reactor due to dead zones, channeling, and short-circuiting. Although the geometry
of the reactor has a relevant impact on these effects, the greatest impact is produced by
inlet jet flow, which, being an inherently turbulent structure [60] chaotically influences the
surrounding region [28].
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Figure 4. RTD curves: (a) RTD curves obtained from the tracer test in the laboratory-scale reactor, (b) comparison of
simulated RTD curves with that obtained from the laboratory-scale reactor.

An averaged RTD curve of the four tracer tests (Figure 4a) was calculated to obtain
a representative RTD curve of the behavior of the UASB reactor flow. The averaged RTD
curve shows a fast tracer output and a tracer peak E(Q)peak = 091£0.04 at 0 = 0.60
evidencing the presence of flow short-circuiting [46]. Larger deviations on the tracer mea-
surements from the mean were found at § = 1.25 reaching a magnitude close to 0.14. The
averaged RTD curve was also used to validate the performance of the turbulence models
used in this study. The degree of similarity of the CFD simulated RTD curves and the tracer
averaged RTD curve are NSE = 0.98 for the realizable k-epsilon model and NSE = 0.68
for the SST k-omega model. A value NSE = 1 indicates that the CFD simulation perfectly
represents the global hydrodynamic behavior of the reactor. Therefore, the high NSE
obtained by the epsilon-based turbulence model suggests that it is appropriate to use it
in this characterization study. Figure 4b confirms that the fit of the RTD curve generated
by the realizable k-epsilon model to the averaged RTD curve of the tracer tests is better
than that generated by the SST k-omega model. The fit weakens only in two small regions
of the curve, near its peak at 8§ = 0.60 and 6 = 1.50, where the slope of the averaged
RTD curve changes abruptly. These minor shortcomings do not invalidate the excellent
prediction of the realizable k-epsilon model. Thus, this model was used through the rest of
the simulations in this study.

3.3. IDS Performance

Five CFD simulations were conducted to characterize the hydrodynamics of a cylindri-
cal UASB reactor with different IDS configurations (C1 to C5). One of the most important
parameter was the velocity distribution in the reactor’s reaction zone (Figure 5a—e). This
zone is crucial for granule formation, as it provides the necessary shear force to remove the
lighter particles from the growth nuclei (see Section 1).

The velocity contours of IDS C1 (Figure 5a) show a marked jet flow reaching the
wall opposite the flow inlet. The jet flow rapidly dissipates its energy during this path,
as the jet velocity decreases by approximately 84%. The flow patterns depicted in the
figure as ribbons show that a broad circular pattern is formed, occupying a large volume
of the reactor’s reaction zone. Similarly, the velocity contours of the IDS C2 (Figure 5b)
show a rapidly dissipating jet flow pattern. The indicator ribbons show that the flow
lines develop in ascending and descending circular patterns until the flow finally exits the
reactor. Figure 5¢c shows that IDS C3 allows a relevant energy dissipation at the bottom
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of the reactor, forming fairly compact circular patterns compared to the cases previously
analyzed. In this configuration, a clear upward flow pattern is found in the central zone
of the reactor, which confirms the reasons why this IDS is recommended on the design
guidelines [10,22-24]. Figure 5d shows the flow velocity distribution of IDS C4. In this case,
a high dissipation of energy in the central zone of the bottom of the reactor is produced.
As in IDS C3, a clear upward flow pattern is generated, indicating that this configuration
may be suitable for an effective granulation process. The jet flows generated by the water
outlets in the IDS C5 dissipate rapidly upon hitting the bottom of the reactor, forming
a very complex upward and downward spiral flow pattern (Figure 5e). Very low flow
velocity zones appear in the reactor (shown in blue in Figure 5a—e), especially inside and
above the GLSS, which could be considered stagnant zones. These zones will negatively
affect the effective volume of the reactor.

Velocity Magnitude

| S I - m
1.6E-04  9.4E04  58E03 79603  1.0E-01

(b) (c) (d) (e)

Figure 5. CFD flow path lines and velocity contours for different IDS configurations. (a) C1; (b) C2; (c) C3; (d) C4; (e) C5.

The granulation zone of a UASB reactor (i.e., the zone where the recommended
upward flow velocities for the granulation process are met) is neither uniform nor compact
since the flow patterns that form it depend significantly on the IDS configuration. Using
CED tools, it is possible to determine the granulation zone and estimate its volume. In theory,
the larger the granulation volume, the greater the potential to form granules and, therefore,
the shorter the reactor start-up stage. Thus, it is possible to establish the most favorable
IDS configuration for the granulation process to occur.

Figure 6a—e shows the granulation volumes generated by the IDS configurations
(C1-C5). The granulation volume produced by IDS C1 (Figure 6a) shows that the potential
granule production zone is located near the wall opposite the flow inlet, with a Vg, = 11.8%.
A granulation volume with a relatively similar magnitude (V,, = 10.8%) is formed by the
IDS C2 (Figure 6b). Although in both cases it is seen that the granulation volume is reduced,
both IDS configurations are commonly used in operational UASB reactors [1,41,61,62].
Low granulation in these regions could explain the long periods of time required in
the start-up stage of the UASB reactor that are reported frequently [16,23]. Moreover,
the IDS configuration C2 is used in previous works reporting hydraulic and treatment
efficiencies [36,63]. However, the configuration recommended by the UASB reactor design
guidelines (IDS C3), with a Vy, = 37.2%, has a marked superiority to form a greater
granulation volume (Figure 6¢) than the C1 and C2 IDS configurations. Nevertheless, the
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novel IDS configuration C4 generates the highest granulation volume of all the evaluated
IDS (Figure 6d), Vg, = 45.5%, which is 22.4% higher than that of the configuration IDS C3.
Furthermore, the flow pattern produced by IDS C5 generates the concentrated granulation
volume in the middle of the reactor shown in Figure 6e with a Vg, = 21.4%.

AN AL A A

] ,'ll 1 3 P ‘

/ -

(b) (c) (d) (e)

Figure 6. Granulation volume in pale yellow. (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5.

Based on the MDI (Table 5), the IDS C5 has the lowest Morrill volumetric efficiency,
with V. = 13.07%, followed closely by IDS C2, with V. = 14.12%, while the highest is IDS
C4 with V, = 31.23%. These results indicate that IDS C4 is the one that produces a response
in the reactor flow that most resembles a plug flow. The lowest SCI is generated by IDS C2
with 0.06 (Table 5), which indicates that the tracer leaves the reactor prematurely due to the
presence of flow short-circuiting. This phenomenon is understandable due to the opposite
location of the water inlet and outlet in this configuration. IDS C4 produced a SCI = 0.21,
the highest among of all IDS systems analyzed, suggesting that the tracer mixing in the
reactor is much more intense, which brings the tracer exit time closer to the theoretical
hydraulic retention time of the reactor. IDS C2 and C5 have the highest V; with 14.2% and
16.4%, respectively (Table 5). In IDS C5, the base of the reactor acts as a restriction for the
movement of the fluid when it leaves the distribution pipes, creating a rebound effect that
limits the mixing of the tracer in the lower area, which avoids that an important fraction of
the reactor works properly. The lowest V; is held by IDS C3 and C4 with 6.8% and 0.8%,
respectively. IDS C4 shows a considerable improvement in the use of the volume within
the reactor that will have an additional benefit to produce granular sludge and probably
for the overall efficiency of the reactor. In Table 5, the darkest highlight represents the most
advantageous values and the lightest the most disadvantageous values.

Table 5. Hydrodynamic characterization of UASB with different IDS configurations.

IDS Configuration MDI Ve (%) Pe SCI V(%)
C1 4.71 21.23 7.96 0.11 7.8
C2 7.08 14.12 6.56 0.06 14.2
C3 4.37 22.88 7.97 0.17 6.8
C4 3.20 31.23 10.50 0.21 0.8
C5 7.65 13.07 6.31 0.10 16.4

Note: MDI—Morrill Dispersion Index; V,—Morrill volumetric efficiency; Pe—Peclet number; SCI—Short-
Circuiting Index; V;—dead volume.
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The RTD curves generated by the CFD simulations are presented in Figure 7. The
shape of these curves confirms the results shown in Table 4. A rapid tracer exit occurs
especially for IDS C2 and C5, reaching E(6) 0, = 0.78 at 6 = 0.40 and E(6),,,, = 1.04 at
0 = 0.25, respectively, indicating the presence of stagnant zones and short-circuiting [46].
As a result of these flow limitations, both IDS configurations would produce a faulty
reactor mix that could significantly affect the efficiency of the reactor treatment by affecting
the proper distribution of nutrients and substrate to the granular biomass. Flow short-
circuiting occurs in IDS configurations C1, C3, and C4, to a lesser extent, which shows that
mixing is much more efficient in these three configurations. IDS C3 and C4 generate better
flows than the rest of the studied IDS, with IDS C3 reaching E(#),,,, = 1.0 at 6 = 0.50 and

peak —
IDS C4 E(O)peuk = 1.09 at 6 = 0.70.

=
N
]

0.8
0.6 —
04 —
0.2 —

0.0

Dimensionless concentration, E(B)

0.0 0.5 1.0 1.5 2.0 2.5
Dimensionless time, 6

Figure 7. Comparison of RTD curves for IDS configurations C1-C5.

The results indicate the superiority of IDS C3 to conduct the granulation process
compared to conventional IDS. However, IDS C4 generates 22.4% more granulation volume
within the reaction zone. The reactor volumetric efficiency increases by 36.5%, the flow
short-circuiting is reduced by 19.8%, and the reactor dead volume is reduced by 88.2%
compared to IDS C3. Although this novel configuration needs to be tested in the field,
it appears to be a promising IDS configuration. In addition to the benefits regarding the
hydrodynamic behavior of the flow, its implementation would be simpler and cheaper
since it consists of only two external pipes. Using external pipes to inject the water into the
rector would considerably reduce the blockages that occasionally occur in the water inlet
pipes in IDS C3 [23], minimizing the costs of operation and maintenance of the reactor.

4. Conclusions

CFD simulations performed on a cylindrical UASB reactor confirm that the IDS
configuration directly impacts the hydrodynamics of the reactor and its hydraulic efficiency.
The IDS configurations simple radial inflow (C1), upward axial inflow (C2), downward
distributed inflow (C3), opposite radial inflow (C4), and downward tangential inflow (C5)
were evaluated in this study to determine their influence on the granulation volume of the
reactor. The realizable k-epsilon model was used as a turbulence closure model in the CFD
simulation after a validation process on a physical model with Froude dynamic similitude.
The validation process obtained a NSE = 0.98 indicating the high representativeness of the
CFD model. Results indicate that the most unfavorable IDS configurations for granulation
are IDS C2 and C5, with a relative granulation volume of 13.07% and 14.12%, respectively.
The most favourable IDS configurations are C3 and C4, with a relative granulation volume
of 31.23% and 22.88%, respectively. IDS C4 has a granulation volume 22.4% greater than the
recommendation of the design guidelines for UASB reactors (IDS C3). This improvement in
the granulation volume suggests that IDS C4 can reduce rector start-up time and possibly
increase its treatment efficiency. Further studies could help analyze whether the gradual
formation of granules during the reactor start-up stage can affect the granulation volume
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of CFD simulations by modifying the flow patterns within the UASB reactor with different
IDS configurations.
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