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Abstract. Vinasse is a by-product from ethanol industry which can be
exploited in ferti-irrigation after its treatment via APBR (anaerobic packed bed
reactor). Comprehensive understanding of fluid dynamics within APBR is
fundamental for its design and the goal of this work was to perform CFD
(computational fluid dynamics) simulations of a laboratory-scale APBR by the
use of commercial software. Tracer concentration patterns deviated from plain
plug flow behaviour.
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1 Introduction

Resulting from the distillation of sugarcane juice, vinasse is a by-product of the
sugar-ethanol industry. Large-scale exploitation of aforesaid agroindustrial effluent has
long pointed to ferti-irrigation in sugarcane crops (Robertiello 1982). Nevertheless, due
to high levels of organic matter, salt and nutrients usually found in vinasse, environ-
mental issues have been raised towards its direct (i.e., untreated) long-term deposition
onto crop soil (Madejon et al. 2001).

Anaerobic treatment of vinasse has been claimed as suitable practice prior to
ferti-irrigation (Vlissidis and Zouboulis 1993) to mitigate both ground-water contam-
ination and greenhouse effect gases emission (Espafia-Gamboa et al. 2011). Anaerobic
treatment can preserve the fertilising qualities (Moraes et al. 2014) while biogas can be
recovered (Grisi et al. 2012).

Among anaerobic systems for high removal of biological oxygen demand (BOD),
anaerobic packed bed reactor (APBR) is an attractive alternative thanks to its relatively
simpler design and operation allied to its low cost and process stability (Ferraz Jr.
2013). Those engineering features are related to APBR ability to render higher solids
retention time (SRT) with shorter hydraulic residence time (HRT) and toxicity toler-
ance (Satyawali and Balakrishnan 2008).
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Fluid dynamics in APBR has been studied by relying on ideal operation assump-
tions such as plug-flow or perfectly-mixed reactor (Levenspiel 1999) and
single-parameter models have then been invoked such as longitudinal dispersion and
continuous-flow stirred-tank reactor (CSTR) in series (Fazolo et al. 2006; Méndez--
Romero et al. 2011; Fernandes et al. 2013). While helpful to identify eventual departure
from ideal operation, aforesaid models might be relatively simple in view of current
computer resources. In other words, APBR fluid dynamics can be more complex than
CSTR in series so that computational fluid dynamics (CFD) may identify either dead
zones or short-circuiting flows.

Comprehensive description of fluid patterns in APBR is vital for its design and
performance analysis. By relying on fundamental conscrvation principles, the appli-
cation scope of physics-based (also known as white-box) models is broader than
data-driven (or black-box) models (Datta and Sablani 2007). All-inclusive APBR
models are prone to be complex inasmuch as fluid flow and convective-diffusive
species transport in porous medium must be concurrently combined with biochemical
processes (e.g. acidogenesis, acetogenesis, methanogenesis, and hydrolysis). CFD
indeed arises as helpful engineering tool to study fixed-bed systems for effluent
treatment (Parco et al. 2007; Brannock et al. 2010; Gluszcz et al. 2011).

In the present work, time-dependent (i.e. dynamic) two-dimensional (2-D) CFD
simulations were performed conceming the fluid dynamics inside an existing
laboratory-scale cylindrical APBR for sugarcane vinasse treatment (Ferraz Jr. 2013).
Specifically, the objective was to numerically simulate the upward flow of a tracer
solution within a 2-D vertical cross-section of the APBR during three times the the-
oretical HRT (Okiyama 2014).

2 Materials and Methods

While the main objective of the present work was to perform CFD simulations, this
section outlines some information about the experimental bioreactors for vinasse
treatment, which are depicted in Fig. 1(a). Each laboratory-scale cylindrical APBR was
assembled in acrylic tubes by comprising feeding module (FM), bed section (BS),
effluent collection module (EC), and biogas collection module (BC), as sketched in
Fig. 1(b).

Low-density polyethylene small cylinders were used as the supporting medium in
BS as a compromise between organic matter removal, APBR stability and biogas
production (Ferraz 2013). Figure 1(c) shows samples of aforesaid cylinders, whose
approximate dimensions are 5.0 mm of length and 4.5 mm of diameter. Cylinders
randomly filled up BS volume so that its packed-bed porosity ranged from 0.47 to 0.54
at start-up. Table 1 summarises the length, the inner diameter, the geometric volume
and the volume occupied by the liquid phase at each APBR compartment. Biogas
collection module (BC) is solely occupied by the gas phase.

In view of values in Table 1, the total APBR volume occupied by the liquid phase
ranged from 2.1865 L for lower BS porosity up to 2.3625 L for higher BS porosity. The
bioreactor was initially filled up with water and tracer solution was subsequently fed at
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Fig. 1. Laboratory-scale cylindrical APBR for vinasse treatment: (a) picture of experimental
bioreactors; (b) sketch depicting feeding module (FM), bed section (BS), effluent collection
module (EC) and biogas collection module (BC); (c) picture of low-density polyethylene
cylinders employed as supporting medium within BS

Table 1. Length, diameter, geometric volume and volume occupied by liquid phase of each
APBR compartment

Compartment FM BS EC 'BC
dimension Porosity = 0.47 -'Porosity =054 |

Length (m) 01 05 0.5 01 005
Diameter (m) 008  0.08 0.08 008 008
Geometric volume | 0.5027 |2.5133 2.5133 105027 1 0.2513
(107 m* = L) | |
Volume with liquid | 0.5027 | 1.1812 11.3572 05027 |-
(1073 m® = L) |

stepwise flow of 4.6 L/day, thereby yielding a theoretical HRT of approximately 12 h,
namely 11.4 h for lower BS porosity and 12.3 h for higher BS porosity.

This work performed two sets of CFD simulations, one for each extreme porosity
value at start-up (0.47 and 0.54) whose corresponding permeability was assessed
through Kozeny-Carman correlation (Nield and Bejan 1992). For each numerically
tested porosity (assumed to be uniform throughout BS compartment), Table 2 shows

Table 2. Porosity-dependent parameters used in CFD simulations of the laboratory-scale APBR
'APBR porosity-dependent p_arameter_E BS porosity = 0.47 | BS porosity = 0.54

Bed total surface-to-volume ratio ' 683 m™' 541 m~!
Hydraulic radius 688 x 10" m 849 x 107" m
BS particle equivalent diameter I 0.00275 m 10.0034

BS permeability 534 x 107°m* | 1.08 x 107" m?
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porosity-dependent parameters used in CFD simulations of the existing laboratory-scale
APBR. Conversely, pipe-like flow (i.e. flow without porous medium) was assumed in
both FM and EC compartments.

CFD simulations of the fluid dynamics in APBR were carried out with the help of
COMSOL Multiphysics® by using the Chemical Species Transport module within the
Chemical Reactor Engineering package. Specifically, transient 2-D (i.e. time-dependent
two-dimensional) CFD simulations invoked the Transport of Diluted Species model in
the Reacting Flow in Porous Media framework of the aforesaid commercial software.

The idea was to simulate upward fluid flow coupled with tracer (namely NaCl)
transport in APBR compartments where tracer solution actually flows through, namely
I'M, BS and EC in I'ig. 1(b). APBR was assumed to be initially filled up with clean
water and stepwise tracer solution flow was fed in at FM inlet where Dirichlet boundary
condition was imposed. Tracer concentration was assumed to remain constant at the
experimental feeding value at FM inlet.

3 Results and Discussions

In order to set the number of finite elements for simulations, mesh-independence
analysis was carried out by using 0.47 as BS porosity. Figure 2 depicts the
finite-element meshes automatically generated by COMSOL Multiphysics® to APBR
vertical cross-section. Used in subsequent simulations, normal mesh (with 12.352
elements) provided suitable compromise between computational effort and accuracy of
numerical results. It is interesting to note that meshes are locally refined in transitions
between APBR compartments as well as near walls, i.e. where steeper gradients (of
tracer concentration and fluid velocity) are prone to occur.

For lower BS porosity (= 0.47), Fig. 3 shows tracer concentrations simulated in
FM, BS and EC compartments for increasing time instants. CFD simulations pointed to
plug-flow with some wall effects, which are noted (to some extent) along all vertical
walls. Thereby, higher concentrations are observed around APBR centreline while
lower concentrations occur near vertical walls. A somewhat parabolic profile prevails
in the upward high concentration front, which deviates from plain plug flow behaviour.
Relatively small dead zones are observed in the bottom of FM compartment. Simu-
lations for higher BS porosity (= 0.54) yielded similar patterns, which are not shown
here for the sake of brevity.

While tracer concentration at BS exit was numerically simulated as a function of
BS radius, the experimental APBR actually referred to a single collection funnel at EC
centroid. In view of that, two probing concentration profiles were screened: one at BS
centreline and the other at BS half-radius. When compared to experimental data, the
former yielded better results. Average concentration profile was evaluated through
line-integral over the exiting fluid flow so that APBR features were assessed from both
experimental and numerical concentration profiles. Experimental average HRT resulted
as 11.6 h while CFD simulations rendered 10.6 to 11.4 h. As no preferential paths or
relatively large dead zones were evidenced in CFD simulations, one may justify dif-
ferences between average HRT values in terms of local variations in BS porosity,
which was allegedly uniform in CFD simulations.
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Fig. 2. Finite-element meshes automatically generated by COMSOL Multiphysics® for APBR

vertical cross-section: (a) extremely coarse (4146 elements), (b) extra coarse (4.989 elements);
(c) coarser (5.972 elements), (d) coarse (9.299 elements), (e) normal (12.352 elements), (f) fine

(16.494 elements), (g) finer (27.811 elements)
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Care should then be exercised when performing CFD simulations while assuming
constant porosity. User-defined routines, for instance, should be added to the simulator to
account for biofilm on the carriers as well as suspended solids in the medium. Accord-
ingly, as part of our ongoing research to develop in-house simulators of bioreactors for
wastewater treatment, lattice Boltzmann method (LBM) has been considered as alter-
native route (van der Sman 2007). Known to yield relatively simpler computational codes
(Mohamad 2011), LBM may numerically simulate either suspended solids in multiphase
flow (Ladd and Verberg 2001) or biofilm formation and detachment (Picioreanu et al.
2001), in addition to biogas bubbles generation and transport (Chen 2010).

4 Conclusions

If compared to long-standing models for non-ideal bioreactors for wastewater treat-
ment, CFD can be an efficient engineering tool as it is able to thoroughly depict the
APBR in terms of its internal fluid dynamics as well as species concentration profiles.
As far as design of up-flow APBR for sugarcane vinasse treatment is concerned, such
comprehensive knowledge is strategic for not only scale-up procedures but also
operation under distinct scenarios. Future developments may point to surrogate com-
putational methods such as LBM so as to simulate biofilm on the carriers as well as
suspended solids and/or biogas in the medium.
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