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Abstract: In this paper study results of selected production methods for agricultural biogas are shown and technical
and technological aspects of these methods are described for monosubstrate bioreactors. Based on the available
literature, modelling of mixing in bioreactors using computational fluid dynamics (CFD) was is demonstrated. As part
of the research, the numerical simulation method was used with a tool that contains CFD codes. The model k-ε is used
to simulate the mean flow characteristics under turbulent flow conditions. This is a two-equation model that gives
a general description of turbulence. The work presents the results of numerical studies that make it possible to
understand the characteristics of fluid flow in the adhesive bed used for the production of agricultural biogas. The tests
showed that in the core of the adhesive bed there is a flow of 0.19 m∙s–1, while in the outer part of the bed there is a flow
in the range 0.01–0.02 m∙s–1. Taking into account the substrate inflow of 0.17 m∙s–1 (in the upper part of the
fermentor), it was observed that the Klinkenberg effect for autocyclic movement (from bottom to top) takes place.

The novelty in the article is the observation of the dominant flow in the core of the bed and the autocyclic flow in
the opposite direction in the peripheral areas of the adhesive bed.

Keywords: adhesive bed, agricultural biogas, autocyclic flow, bioreactor, computational fluid dynamics (CFD),
Klinkenberg phenomenon

INTRODUCTION

Reducing greenhouse gas emissions, increasing renewable energy
and improving energy efficiency are the three main goals of future
bioenergy systems. Among the available bioenergy technologies,
biogas production is also widely used for the management of
industrial and municipal organic waste. In the context of biogas
production, proper mixing of the organic matter is essential to
ensure high biogas yield by the microorganisms. The energy
balance of the biogas plant has shown that the power requirement
of the agitator accounts for a large part of the total energy
consumption of the biogas plant. Testing fermentation chambers
to optimise mixing is costly and time consuming. Therefore,
computational simulations offer a promising alternative to
analyse and improve mixing for performance in agricultural
biogas production technology.

Among the various technological methods available [CONTI

et al. 2019] increasing biogas efficiency production by anaerobic

digestion (AD), optimisation of the mixing system is one of the
most promising approaches [LEBRANCHU et al. 2017; VOYTOVYCH

et al. 2020]. Cost-benefit analyses show that mixing is the largest
contributor to the total energy balance of a biogas plant [NAEGELE

et al. 2012; SINGH et al. 2019; SONNLEITNER 2012]. Laboratory-scale
experiments and computational simulations are a practical and
suitable approach for liquid-dynamic mixing tests [CONTI et al.
2018; WIEDEMANN et al. 2017]. Computational fluid dynamics
(CFD) enables detailed modelling of mixing processes under
anaerobic conditions [LEONZIO 2018]. The state of the art on the
use of CFD for bioreactor testing is presented in works
[BRIDGEMAN 2012; DAPELO et al. 2015; DING et al. 2010; KESHTKAR

et al. 2003; VESVIKAR, AL-DAHHAN 2005]. To ensure reliable model
generation, correct specification of the fermenter, mixer, and
initial and boundary conditions is required, and experimental
validation is necessary [LOPEZ-JIMENEZ et al. 2015].

CONTI et al. [2019] presents a computational fluid dynamics
(CFD) model that is used in commercial mixing systems for two
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propeller agitators arranged in opposite positions of diameter in
a container approximately filled 1400 m3. For the simulation, the
rheology of the liquid is adapted to a biomass of 12% by weight.
The developed simulation method takes into account the angle of
rotation and the height of each propeller. Investigations show that
the position of the rotors is away from the lower and large angles
of rotation result in favourable fluid dynamics.

One of the most influencing of the AD efficiency is the
agitation process as it allows interfacial contact, reduces foam
generation and avoids thermal stratification [MERONEY, COLORADO

2008]. It is worth noting that the suspension of solids in the
fermented sludge causes very sticky currents, mixing becomes the
basic parameter [YU et al. 2011].

The mixing capacity can also be obtained by increasing the
dry matter intake, which reduces operating costs and also
increases the quality of the biogas [WU 2012].

Traditionally design and evaluate different mixing strategies
in a fermentor has indicated that experimental and empirical
studies have been performed that are not strictly based on
physical systems. This method has two major drawbacks [GALLO

MOLINA 2015]:
1) the application of these techniques often leads to suboptimal

designs, ultimately increasing equipment costs;
2) experimenting is a costly and time consuming process.

In addition, the fermentation chamber already in operation
often has to be switched off for experimentation and optimisa-
tion.

CFDs generate results in the right time to experiment and at
a lower cost. CFD uses physical equations and the simulation
results are more accurate, leading to a better and more detailed
understanding of the systems under test. This enables better
mixing techniques to be designed and is an effective way to test
established mixing strategies.The main objective of work was to
evaluate the biogas mixing performance in the fermentation
chamber and to investigate the influence of the bubble size on the
mixing performance. The relationship between mixture and
biogas yield was evaluated with the implementation of the
anaerobic digester model (ADM) implementation [GALLO MOLINA

2015].
CFD is a computational technique that can describe the

behaviour of one or more fluids under different conditions using
the numerical resolution of a physical equation [GALLO MOLINA

2015]. CFD modelling is based on the discretisation of the
geometric domain of the simulated system – usually by the finite
volume method. Then the numerical methods iteratively solve the
governing equations. Thus, the exact approximation depends,
inter alia, on from: computational time, assumption, boundary
conditions and method of equation coupling [BLAZEK 2001]. The
CFD simulation requires at least a numerical solution of the
Navier–Stokes equations with pressure coupling and equation of
state that closes the degrees of freedom. Please note that the
methods used for CFD results are always approximate values. For
this reason, it is very important to use the correct equations and
in most cases to calibrate the results with the experimental data to
ensure the accuracy of the results [BLAZEK 2001].

AD produces biogas in which sensitive microorganisms are
involved. Liquid fermentation must ensure a good heat and mass
exchange. To create these fermentation conditions, it is very
important to mix HONGGUANG and RUI [2019] – to simulate CFD
the flow field in a fully agitated anaerobic mixing reactor – it is

divided into a single layer, open six-blade turbine with baffles and
two-layer four-blade 45 degree blades. The results show that an
upwardly directed double-layer diagonal bucket may result in
a better axial velocity distribution, which favours the formation of
a large fluid loop structure that circulates up and down. The
average mixing speed of the double layer at 125–320 rpm is lower
than the average speed of a single layer, but the mixing speed of
the two layers at 60 rpm is higher than that of the single layer.

With the development and wide application of CFD
numerical simulation technology, CFD computing technology
transfer was used as an effective tool for reaction analysis,
monitoring and optimisation of fermentation vessels [WU 2010].
CFD is based on a numerical solution of equations expressing
mass, impulse and energy [PARVAREH et al. 2010]. Finally, these
equations are combined with the fluid transport equation under
certain operating conditions to describe the process of mass or heat
transfer of a liquid [KARTERIS et al. 2005]. Scientists have done a lot
of research on a reactor for producing hydrogen and methane,
including heat transfer, mass transfer, mixing, etc. [VESVIKAR, AL-
DAHHAN 2005; WU 2013]. The flow field in the test center was
quantitatively simulated using CFD technology. The ballast reactor,
which is equipped with a 6-degree turbine stirrer and two
partitions, was used to extract the liquid state data in the reactor.
To achieve predictability and controllability, CFD was applied to
the design of the AD tank mixing [HONGGUANG, RUI 2019].

Software supporting the design and optimisation of
bioreactors and bioprocesses is used in the field of state-of-the-
art computing resources. D’BASTIANI et al. [2020] used Fluent 16.2
software and this model with particle image velocimetry (PIV)
and shadowing techniques. The Euler model, a laminar, three-
dimensional model, was used and indefinite simulations were
carried out. The results for the mass imbalance of the gaseous and
liquid phases, the volume portion of the gas, the gas velocity, the
bubble size, the liquid size and the upflow velocity as well as the
velocity profiles for the liquid phase were successfully validated
on the basis of experimental data. In the dispersed phase,
a difference of 4.37% in the volume portion of the gas between the
experiments and the simulations was observed. The simulated
results showed a difference in the average bubble velocity of
1.73% compared to the shadow images. For the liquid phase,
there was a difference of 3.2% in the mean velocity between the
simulated and the PIV results. Simulated and experimental
velocity profiles showed a better susceptibility inside the reactor.
Due to the good agreement between simulations and experi-
ments, the model was considered validated.

The outflow of the gas velocity is closely related to the uplift
force, that changes with the cubic power of the bubble diameter –
taking this into account, it can be said that the larger the diameter
of the bubble, the faster the upward flow velocity of the bubble
[NARNOLI, MEHROTRA 1997]. The experimentally tested gas-liquid-
solid fluidisation in light – the velocity of the individual bubbles
floating in the suspension – showed a proportional relationship
between the size of the bubble and the velocity of the gas flow
upwards. [POURTOUSI et al. 2015; TSUCHIYA et al. 1997]. The
authors investigated the influence of bladder diameter size on the
prediction of reference flow using a CFD simulation of
a homogeneous follicle column regime [D’BASTIANI et al. 2020].

Fermenters are often used when the raw material (biomass)
to be has a high solids content or a high viscosity. Studies carried
out (CHANDRAN et al. [2017]) evaluation of the flow characteristics
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of the vertical fermentation chamber by means of CFD
simulation. The simulation results showed that the dissolved
content is under normal working conditions and is largely mixed
vertically. However, there are many problems with increasing
experimental anaerobicity for plant fermentation plants at the
field level. One such problem relates to the anaerobic fermentor
being agitated, which is necessary to ensure sufficient contact of
the bacteria with the substrate in the fermenter. Such situations
are well suited to the CFD analysis. Reliable mathematical models
are available for these questions.

Knowledge of the rheological properties of the substrate to
be processed is still limited. There are examples of the use of
fermentation chambers, but so far no CFD simulation study on
the effects of biogas recirculation in the fermentation chamber has
been published.

The aim of this work was to better understand and improve
the mixing process with biogas recirculation in order to improve
efficiency future bioreactors. Developed calculation model for the
simulation of complex currents in the fermentation chamber, and
the CFD simulations on a laboratory scale are discussed. The
biogas recirculation properties were also assessed, which provides
the knowledge necessary to develop a precise simulation of
mixing conditions using an adhesive bed in the reactor.

CFD has become a popular tool for reactor analysis [LATHA

et al. 2009], because it allows to study local conditions in vessels
of any size, geometry and operating conditions [RANADE 2002].
The ability of CFD tools to predict mixing behaviour in terms of
mixing time, energy consumption, flow patterns and velocity
profiles is considered successful at achieving these method
objectives, and acceptable results have been achieved in many
applications [WU, CHEN 2008]. A literature review of numerical
studies of transient gas-liquid flows shows that barbotage
columns were simulated using the Euler-Euler approach. In
addition, it was observed that the Euler–Lagrange approach is
able to predict the average of the properties over time [LANE et al.
2002]. This approach allows a simple consideration of the bubble
size distribution, which allows a more precise description of the
interfacial forces, but with increased computing effort [BUWA

2006; BUWA, RANADE 2002]. The three-dimensional model of the
anaerobic reactor represents a typical gas mixing reactor in the
laboratory used to generate gaseous hydrogen from municipal
solid and liquid waste [LATHA et al. 2009].

Mixing in AD chambers is necessary to combine bacteria in
biomass and food sources in the sediment to stabilise the
sediment [ZICKEFOOSE, HAYES 1976]. However, the impact of
blending on biogas production is not clear – more and more
literature suggests that low blending is beneficial [KAPARAJU et al.
2008; STROOT et al. 2001]. This is thought to be the case because
high turbulence at high mixing speeds is harmful to methane-
producing bacteria [HOFFMAN et al. 2008].

SINDALL et al. [2013] used CFDs to model a mechanical
mixing fermenter in the laboratory and to investigate turbulence-
kinetic energy patterns at different mixing speeds. The results of
the four turbulence models are compared with the PIV results
and the achievable k-ε (k = turbulent kinetic energy, ε = rate of
dissipation of turbulent kinetic energy)value seems to be the best
for predicting flow patterns in the fermentation chamber. The
work uses CFD simulations of a mechanically mixed fermentation
chamber on a laboratory scale to identify areas of high and low
turbulence in mixed fermentation chambers with different speeds.

This will allow a better understanding of the relationship between
blending and biogas production.

ZHANG et al. [2016] compared the flow field and impeller
power consumption with different feed materials, using CFD
[DABIRI et al. 2021]. They used the k-ε standard turbulence model
simulating the tank mixed by the rotor and verified the numerical
results with the experimental data. The ability of CFD to model
mixing in bioreactors by means of an impeller to mix the contents
of the fermentation tank, showed the non-Newtonian behaviour
of the raw material and confirmed the results by comparing the
numerical value of the power consumption of the mixer derived
and the energy dissipation rate function with the value obtained
on the basis of experimental data [BRIDGEMAN 2012]. For mixing
the raw material inside the digestion chamber, gas injection as
well as fluid recirculation systems are used in some cases [SAINI

et al. 2020]. Euler–Lagrange’s innovative CFD approach to fluid
flow simulation was noted in a fermentation tank that uses gas
injection as a mixer [DAPELO et al. 2015]. In this way, the accuracy
of the results was assessed by visualising the flow field in
a laboratory model with PIV measurement. A fermentation
reactor model was developed [SAJJADI et al. 2016], which uses fluid
injectors to recirculate the biomass. Thus, the importance of the
location of both inlet and outlet fluid streams was demonstrated.
LÓPEZ-JIMÉNEZ et al. [2015] simulated a mixing process in
a fermentation tank where the sludge was returned to the tank
at high speeds. They modelled pump inlets with different entry
angles and nozzle shapes to accelerate the inlet velocity. Reynolds
averaged Navier–Stokes (RANS) equations were solved in
a single-phase CFD model taking into account both Newtonian
and non-Newtonian sludge properties. Tests of MERONEY and
SHEKER [2014], HERNANDEZ-AGUILAR et al. [2016], LOW et al. [2017]
and MEISTER et al. [2018] agitated tanks have concentrated on
rotary mixers located at the center of the tank, but the mixing
quality (i.e. dead volume, mix time, speed gradient etc.) of
asymmetric mixers is largely unknown.

Therefore, in development of DABIRI et al. [2021] the mixing
quality is carefully checked with a mixer placed asymmetrically on
one side of the tank. Moreover, since the energy consumption of
the mixer has a significant impact on the overall energy efficiency
of digesters, there is a need to gain an insight into the energy
consumption of the mixer and its relation to mixing performance.
The test is aimed at assessing the energy consumption of the
mixer, in addition to the dead volume and the speed gradient,
ensuring the mixing efficiency. Other important factors are the
non-Newtonian characteristics and the rotational speed of the
stirrer, the influence of which on the mixing efficiency is
investigated. After designing the model geometry, including the
effective components for mixing quality, the mesh was imple-
mented. Then, to determine the amount of dead volume and the
ratio of the stirrer speed and energy consumption, the velocity
and pressure fields are obtained by solving the fluid flow
equation, based on the SIMPLE algorithm, taking into account
the non-Newtonian characteristics of the fluid.

The experimental studies concerned the evaluation of the
hydrodynamics of the polydisperse substrate flow in the
bioreactor for the CFD model.

Numerical tests were carried out in the field of:
– evaluation of the geometry of the analysed fermentor,
– isosurface analysis for flow velocity,
– gas permeability assessment of the adhesive bed.
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MATERIALS AND METHODS

Biogas production in real conditions – described in detail in the
paper by KLIMEK et al. [2021] – located on a farm dealing with the
breeding of fattening pigs [DANBRED 2021; WAŁOWSKI 2021b].
The geometry of the object was developed for the functioning
installation [WAŁOWSKI et al. 2019], shown in Figure 1 – the
fermenter (bioreactor) was created in the program Space Claim
Direct Modeller Ansys Fluent R 19.2 on the basis of the working
documentation of the fermenter [WAŁOWSKI 2019].

The geometry includes the inlet and outlet tube of the
substrate (suspension), the tube bundle and the air bubble tubes –
Figure 1. The numeric grid was created in the Ansys Fluent R 19.2
The geometry is divided into smaller, simpler blocks – hexagonal
mesh for most volumes. The flow model was defined in the
commercial fluid simulation software Ansys Fluent R 19.2. Basic
information about the flow model:
a) turbulent flow – the Reynolds averaged Navier–Stokes model

(RANS) with enhanced wall processing option;
b) two-phase liquid volume approach (VOF) with clear wording;
c) SIMPLE calculation algorithm (semi-implicit method for

pressure-dependent equations);
d) discretisation of the second series of the impulse equation;
e) a georeconstructed algorithm for tracing border crossings;
f) a career controlled by residual observations.

Liquid parameters (based on the results of own measure-
ments):
a) pig manure: density 998.2 kg∙m–3, viscosity 0.0015 Pa·s (50%

higher than water);
b) gas modelled as air: density 1.225 kg∙m–3, viscosity 0.018

mPa·s;
c) external forces: gravity 9.81 m∙s–2.

Boundary conditions:
a) manure intake: 7.209 kg∙s–1;
b) turbulence intensity at the input: 5%;
c) turbulent viscosity ratio at inlet: 10.
Mixing took place cyclically every 4 h for 10 min, while the

drain (filling) in the amount of 1500 dm3 took place every 7 days.

RESULTS AND DISCUSSION

The results were analysed and the following visualisations were
created. The area where the suspension current enters the
fermenter is shown in Figure 2a. You can see that the main flow
takes place in some selected pipes that make up the adhesive bed.
The flow lines are shown in Figure 2b, mixing can be observed in

Fig. 1. Geometry of the analysed fermentor: upper part – storage area of
the produced biogas; middle part – adhesive bed forms a skeleton
composed of 72 pipes; lower part – fermenter drain; source: own
elaboration

 

a) 

 

b) 

Fig. 2. Numerical evaluation of the flow in the
bioreactor: a) velocity iso-surface: qualitative repre-
sentation of the main mixing range and the location
where the highest speeds occur; b) streamlines – view
of the recirculation zone; source: own study
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most of the column volume, with the exception of the area at the
bottom of the column facing the inlet pipe. A recirculation zone
was also observed, indicating a very limited mixing in this part of
the fermenter (bioreactor).

It should be noted that the dominant flow in the bed takes
place in the central part of the adhesive bed (bed core) and takes
place from top to bottom – Figure 3. On the other hand, for the
remainder of the bed, the flow is from bottom to top – thus
creating an autocyclic movement characteristic of the Klinken-
berg phenomenon [KLINKENBERG 1941; WAŁOWSKI, FILIPCZAK 2017].
Since the adhesive bed intensively contributes to the foaming of
the polydispersive substrate, as a result of which the skeleton bed
with porous walls shows effective gas permeability resulting from
the sliding of gas molecules (methane) on the walls of porous
channels.

The analysis of the results shows the limitations of the
simulation that affect the accuracy:
– the suspension is modelled as a liquid of constant viscosity

(properties of a Newtonian liquid);
– small gaps between the pipes were omitted when modelling the

tube bundle.
The polydisperse substrate has the greatest impact on the

accuracy of modelling, and the obtained results provide
qualitative information about the process of hydrodynamic
mixing in the skeletal fermenter [WAŁOWSKI 2021a].

CONCLUSIONS

The introduction of agricultural biogas plants requires further
research into the definition of basic indicators for determining
the energy intensity of different technologies, comparing and
selecting them in terms of environmental, economic and energy
costs.

In the context of hydrodynamic conditions, the flow of
polydisperse substrate through the adhesive bed was assessed
using the CFD method. It was found that the cyclic mixing system
plays a decisive role in the production of biogas with the use of an
adhesive bed. Considering the use of computational fluid
dynamics, a circulation zone was observed, indicating a very
limited mixing in this part of the fermenter. It should be noted
that the dominant flow in the bed takes place in the central part of
the adhesive bed (bed core) and takes place from top to bottom.
On the other hand, for the remainder of the bed, the flow is from
bottom to top – thus creating an autocyclic movement
characteristic of the Klinkenberg phenomenon.
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