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Abstract
Discharging cattle manure as the waste of the livestock activities to the environment has resulted in
biological and chemical contamination and methane emission that has concluded major large-scale
impacts, such as global warming. Thus, anaerobic digesters are utilized to eliminate harmful microorganisms, which occur in the cattle manure, in a chemical and organic process in absence of
Oxygen. For improving the efficiency of anaerobic digester, it is necessary to mix all the feedstock
within the tank of the digester, properly. In this study, the aim is to model the agitation of the
material within an anaerobic digestion tank with a mixer established for stirring cattle manure in a
livestock yard; and also is to analyze stagnant volume formation and velocity gradient. The CFD
model is steady-state and rheological properties of the feedstock is considered. RNG
turbulence model is employed and SIMPLE algorithm is used to achieve velocity and pressure
field.The results are validated comparing the power consumption of the mixer with the CFD
results. Therefore, it is concluded that the employed procedure is suitable to predict the behavior of
the cattle manure feedstock in the digester.
Key words
Computational fluid dynamics, anaerobic digestion, cattle manure, rheological fluid, mixer.

greenhouse gas emissions from landfills
which are utilized to eliminate the detrimental
impacts of the organic wastes [7-9]. AD is
referred to describe a process in which the
organic matter is decomposed synergistically
by a microbial consortium in absence of
Oxygen. The inlet fuel of AD, named as
feedstock, can be a wide range of organic
materials, specially it consists of waste
materials such as animal manure [10],
municipal solid waste [11], industrial organic
waste [12], and agricultural residues [13]
which are digested in the tank of digester,
individually or in combination [14]. Livestock
activities often produce large amounts of
manure, which affect soil, water, and air
quality through contamination, gas emissions,
and nutrient leaching if released directly to the
environment [15]. Not only do AD tanks
ameliorate the impacts of the livestock
manure, but also they produce fertilizers and
biogas from the initial sludge simultaneously
[16].In order to evaluate the behavior of the

1. Introduction
Global warming attributed to the release of
greenhouse gases to the atmosphere has been
the main environmental challenge in the past
decades. The international panel on climate
change has demonstrated that the standard
global warming potential of Methane
emission is 25 times of the global warming
potential of Carbon-dioxide emission during a
period of 100 years [1].Additionally, Methane
is the main part of biogas generated by
anaerobic digestion (AD). This can be a
promising alternative source of energy for
depleting fossil fuel sources. Thus, AD can be
a major solution for the deteriorative effects
of the emissions. Also, biogas has other
advantages such as generation of heat and
electricity [2], producing methanol [3] and
other chemicals [4] by liquefaction, being
used as a source of car fuel after compression
[5], and being fed into gas distribution grids
by purification [6]. Indeed, AD is a cheap
approach to divert organic wastes and reduce
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feedstock within the digester, it is needed to
model the digester and simulate various
aspects of the process. In the physical aspect
of the process, the quality of mixing is a
significant factor to obtain optimum process
performance
for
growing
anaerobic
microorganisms [17], while ineffective
mixing leads to various problems such as
short-circuiting of the feedstock around active
mixing region, the variation of pH and
temperature throughout the digester and the
formation of the surface crusts. Thus, the
quality of mixing should be quantified to
recognize the inactive volumes, also named as
dead zones. This help the researchers analyze
the type of mixing so that the agitating
feedstock approaches to an ideally mixed
condition with the minimum dead zones [18,
19]. Computational fluid dynamics (CFD) is a
numerical method to simulate behavior of
fluid flow in different problems, such as
mixing. Different Software programs are used
to perform the calculations in which flow
equations are solved. Consequently, behavior
of the fluid is predicted considering the fluid
properties, boundary conditions and other
effective parameters [20, 21].To analyze the
mixing quality of the feedstock inside of the
AD some studies are carried out. Although
there are papers suggesting to use the mean
value of the fluid viscosity for CFD
simulations when mixing occurs [22, 23], the
non-Newtonian properties of the sludge are
important in mixing simulations [24]. There
are different types of mixing methods for AD
tank. Most researchers have investigated
digester in which mixers are installed. Zhang
et al. [25] compared the flow field and power
consumption in the digesters with different
feedstock materials of cattle manure, corn
stover and a combination of them utilizing
CFD. They employed standard
turbulence model to simulate the tank stirred
by the impeller and validated the numerical
results by experimental data. Bridgeman [26]
demonstrated the ability of CFD for modeling
agitation in AD, utilizing impeller to agitate
the AD tank. He also considered the nonNewtonian behavior of the feedstock and did
not observe any significant effect with the
variation of stirring speed, contrasting the
results with the experimental data. The

approach he used for validation was to
contrast the numerical value for the power
consumption of the mixer derived of a
function of energy dissipation rate with that
obtained by experimental data.To agitate the
feedstock inside the digester, gas injection and
also fluid injection systems are utilized in
some cases. Modeling these systems have
been appealing to some researchers, too.
Dapelo et al. [27] presented an innovative
Euler-Lagrangian approach in CFD for
simulating the fluid flow of AD which utilizes
gas injector as mixer. They assessed the
accuracy of their results by visualization of
the flow field in a lab-scale model with
particle image velocimetry (PIV). They
considered non-Newtonian characteristics of
the fluid and also employed the Boltzmann
model in which probability density function
was solved. Sajjadi et al. [28] modeled an AD
which uses fluid injectors to recirculate the
feedstock. They employed an EulerLagrangian CFD model to simulate the
agitation considering the non-Newtonian
behavior of the fluid. They analyzed the
situation of the jets and showed the
importance of the situation of both the inlet
and outlet fluid jets. López-Jiménez et al. [29]
simulated the process of mixing in an AD
tank in which the sludge was recycled into the
tank at high velocities. They modeled the
pump inlets with different entrance angles and
nozzle shapes to accelerate inlet velocity.
Reynolds Averaged Navier-Stokes (RANS)
equations were solved in a single-phase CFD
model considering both Newtonian and Non
Newtonian characteristics for the sludge.
Their model was validated by contrasting the
bulk pressure and temperature differences in
the values achieved by simulation with those
obtained by the experimental data.Since the
injection approaches require basic equipment,
it is not easy to utilize these approaches in
some cases. This is why in the most
conventional mixing methods, impellers are
installed. There are also other methods for
making agitation in digesters. Meroney and
Sheker [30] analyzed different types of
plunger-type and draft-tube mixers to agitate
the tank of AD vertically. They validated their
CFD results by experimental data, utilizing
Lithium-Chloride as tracer of the flow.In
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some small-scale cases, the agitation is
occurred just via the inlet flow recirculation
depending on the geometry. HernándezAguilar et al. [31] solved the CFD equations
to
evaluate
different
recirculation
configurations
while
considering
the
rheological properties of the fluid for an eggshaped digester in which there was no mixer.
The feedstock was agitated simply by the inlet
flow speed. Based on the Reynolds number,
they used a laminar-flow model. Finally, they
showed velocity profiles in three different
feed
and
drain
configurations
and
distinguished the optimum fluid agitation
between the designed models. However, it
should be mentioned that in greater
dimensions mixing without any agitating
system is impossible. According to
aforementioned articles, CFD is a desirable
approach to predict the behavior of fluid in
the AD tank, before construction. Therefore,
the efficiency of the digester can be evaluated
and unexpected events can be prevented, such
as dead zones creation in a significant amount
of the volume.In the literature, there is no
research analyzing dead volume in an AD
tank with a rotating mixer. In this regard, the
current study investigates the mixing
characteristics of the feedstock of AD
according to an under-construction digester
tank which is going to be utilized to digest
cattle manure. At the initial step, the model
geometry is designed including the effective
components on the mixing quality. Then,
meshing is implemented, and the gridded
geometry is applied to CFD software. Finally,
to observe the variation of velocity in
different parts of the fluid the flow equations
are solved based on SIMPLE algorithm
considering non-Newtonian characteristics of
the fluid.
2. Model Improvement
2.1. Geometry and Meshing
In this study a full-scale simulation is
conducted according to a real AD in Malaard
Livestock Yard located 100
Southwest of
Tehran, Iran. It is a cylindrical tank made of

concrete whose within internal view is
displayed by Figure 1. The tank is 15 m in
diameter, and its height is 3 m but the wet
height of the tank is 2 . At the center of the
tank, there is a vertical square column with a
0.7 m edge.

Figure 1 external and internal view of digester tank
including its mixer

48

Science and Technology of the Day, First Volume, First Issue, Fall 2018, pp.46-58

Figure 2 designed geometry to simulate agitation inside the tank

The inlet and outlet tubes are 0.2 m in
diameter and located at the height of 0 and 1
m from the base, respectively. The feedstock
is agitated utilizing DK18 EYS mixer. The
impellers of the mixer are designed based on
the real model, and consequently applied to
the geometry. Figure 2 illustrates a view of
the designed mixer which is located at the
height of 1 m and with the space of 4.8 m
from the center of the tank.Utilizing ANSYS
meshing, the whole geometry of the AD,
including zones of tank and impellers, is

gridded. Around the blades of the mixer,
option of inflation is activated to implement
boundary mesh network. After mesh
refinement, the final network cells are
changed to polyhedral cells. The number of
elements is 222058. Figure 3(a) and Figure
3(b) show two views of the implemented
mesh of the tank zone, and Figure 3(c)
illustrates the implemented mesh of the blades
of the mixer zone.

(a)

(c)

(b)
Figure 3 mesh implementation for the tank zone from upper view (a) and lateral view (b), and the blade
zone from font view (c)
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residuals is defined until the convergence
would be achieved.
2.4. Equations
Navier-Stokes Equations are solved to predict
the formation of pressure and velocity fields.
Equation (1) is the continuity and Equation
(2) is the conservation of momentum for
incompressible and constant viscosity in
Cartesian coordinate system [33].

2.2. Assumptions
 2 m of the tank is filled by the
feedstock.
 The effects of inlet and outlet tubes
are negligible.
 The non-Newtonian characteristics of
the feedstock are considered.
 The density of the fluid is constant.
 The effect of gravity is disregarded.
 The effect of temperature is not
significant.
2.3. CFD Method
In order to compute the fluid dynamics within
the feedstock of the AD, the governing
equations of mass and momentum
conservation are solved in steady state for an
incompressible fluid, utilizing ANSYS Fluent
software. The density is 1001.7
, and
the non-Newtonian power law model is
activated to calculate the viscosity of the
fluid. RNG
model is selected because
of whose general ability to predict flow field
of the turbulent flows. Also, scalable wall
functions option is chosen to improve the
accuracy of the
model for calculating
the equations in spaces near to the walls [32].
The solver is pressure based, and SIMPLE
algorithm is employed to discretize the flow
equations in a second order upwind
discretization scheme. In addition, the underrelaxation factors are aligned as default, and
No limitations for the magnitude of the

(1)
Where is the density,
is the velocity of
the fluid and
is mass source in the control
volume.
(2)
Where
is the static pressure,
is the
momentum source term derived of surface
tension and is the stress tensor, given by
Equation (3):
(3)
Where
is the unit tensor and
is the
viscosity.Turbulent closure is established by
the RNG
model [34] while the option
of scalable wall functions is selected. The
RNG
model consists of two transport
equations for the variables k and ε:

(4)

(5)
which improves the ability of the standard
model.
2.5. Physical Characteristics
The concentration of total solids loading is an
effective parameter on non-Newtonian
behavior of the feedstock. The mixing mode
is continuous. The fluid of the plant is the
cattle manure feedstock as an activated sludge
with a concentration of total the solid

Where
and
are the inverse effective
Prandtl numbers for and , respectively.
is the generation of turbulent kinetic energy
due to the mean velocity gradients and
is
the generation of turbulent kinetic energy due
to the buoyancy.
represents the effective
viscosity. The term
accounts for the effect
of rapid strain and streamline curvature,
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pollutants equal to about 120500 ppm, which
can be assumed near the concentration
magnitude 12.1 %. Thus, at the mesophilic

temperature of 35 , the non-Newtonian
characteristics of the fluid is based on
Achkari and Begdouri [35] upon the cattle
manure solution in AD.

Table 1. These pseudo-plastic (shear thinning)
properties are achieved by the research of

Table 1- Rheological properties used for sludge modelling (from [35]).

12.1

5.885

0.367

3-149

0.25

2.93

1001.73

calculated by using the turbulence closure
model. Therefore, the overall power
consumption is estimated by integrating the
local power consumption numerically over the
entire volume of the tank, so the power
consumption of the mixer is calculated via:

The apparent viscosity ( ) of the rheological
fluid depends on shear rate ( ). Using a power
law, the viscosity is described by:
(6)
Where denotes apparent viscosity, is the
shear rate, K represents the consistency index
and n indicates the flow behavior index which
should be below one for pseudo-plastic fluids.
2.6. Boundary and zone conditions The
boundary condition imposed to the digester is
a no-slip shear condition on the walls. Since
the flow enters the digester, just for 15
minutes during a six-hour period, the effect of
the inlet and outlet flow is not significant. The
upper surface of the model is assumed as wall
due to the aggregation of the sludge. Thus, the
feedstock is trapped between the upper, lower
and lateral walls, as well as the walls of
central column.Two zones are conducted for
the simulation. The former zone is the total
volume of the tank and the latter one is the
place at which the blades of mixer are
modeled. Based on the information presented
by the producer of EYS mixers, the zone
where mixer is located, rotates at the speed of
300 rpm. The spinning of the mixer is
established, utilizing frame motion option.
3. Results and discussion
3.1. Validation
Model validation is carried out, contrasting
the power consumption ( ) of the mixer with
the numerical simulation. Empirical power
input measurements are determined from
applied torque measured by a torque
transducer. Thus, the power consumption is:
(7)
Where
represents the rotating speed and T
is the applied torque.In the numerical
simulation, the energy dissipation rate can be

(8)
Where is the density,
denotes energy
dissipation rate and
indicates the
volume.According to the results the power
consumption of the model is 18.1
while
the obtained power consumption from the
simulation is equal to 22.3
which differs
about 23.4 % with the real value for power
consumption. It is an acceptable difference in
which it is concluded that the employed
approach for CFD simulating of cattle manure
AD is an appropriate method. Thus, it can be
employed for constructing other cattle manure
digesters that utilize mixers for agitation.
3.2. Grid Independence
To evaluate the mesh independence, various
sizes for the elements were fixed.
Consequently, a series of simulations are
conducted in which the numbers of elements
are 101894, 222058 and 462912. For each
simulation the average velocities of seven
horizontal planes located at heights of 0.25,
0.5, 0.75, 1, 1.25, 1.5 and 1.75 are computed.
Figure 4 compares the average velocities on
the seven planes obtained by the simulations
with each other. It is observed that the value
for averaged velocities in the model with
101894 elements differs more than 1 % from
that obtained by the model containing 222058
elements, while the averaged data of the
model with 222058 elements differs about 0.1
% from the model with 462912 elements. It is
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concluded that the elements number of

222058 for the simulation is suitable.

Figure 4 Results of mesh independence procedure

prepare a uniform distribution of the organic
material in all parts of the tank. In order to
find out how the streamlines of the agitated
feedstock are formed, the streamlines of the
fluid are obtained and illustrated in Figure 7.
The streamlines are captured from 50 points
and started from three planes located
horizontally at the height of 0.5 m, 1 m and
1.5 m.

3.3. Contours and vectors
Velocity data of the model are captured from
the simulation results. By Figure 5 and Figure
6, the variation of velocity magnitude in the
range of 0 to 0.5
is illustrated along two
central vertical planes situated vertically and
three horizontal planes located at the heights
of 0.5 m, 1 m and 1.5 m, respectively. Indeed,
the flow within the digester tank is mixed by a
rotating impeller, which is employed to

(a)

(b)

(c)

Figure 5 Velocity contours of three horizontal planes situated at the heights of 0.5 m (a), 1 m (b), and 1.5
m (c) from the floor of the tank
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(
(d)

(
(e)
Figure 6 Velocity contours of two vertical planes in the digester

(a)

(b)

(c)

Figure 7 Streamlines derived from three horizontal planes situated at the heights of 0.5 m (a), 1 m (b),
and 1.5 m (c) from the floor

lines in Figure 7, shows that, the motion in the
tank is in the round-shape, and also the
agitation is distributed within the tank,
properly. Also, the vector map of the vertical
planes illustrates some moving directions
appropriate manner, since there are motions
toward up and bottom side of the tank, besides
motions in the same horizontal surfaces.

Additionally, for better understanding of the
fluid motion manner, the absolute velocity
vectors are presented by Figure 8 in the three
horizontal and two vertical planes. The vector
map in the horizontal planes, as well as stream
which are shaped diagonally. In fact, from
these diagonal rotation, it is inferred that the
material within the AD tank is mixed in an

(a)

(b)
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(d)

(e)
Figure 8 Velocity vectors mapped in the three horizontal planes situated at the heights of 0.5 m (a), 1 m
(b), and 1.5 m (c) from the floor, and the two vertical planes located according to Figure 6

In the current study, the definition of dead
zones is accorded with the definition of
Hurtado et al. [36] in which it is described
that the dead zones are the elements with the
velocity magnitude below 0.02
.In this
regard, Figure 5 and 6 show that velocity
magnitude in almost elements of the tank is
greater than 0.02
, so it is observed that
the feedstock within the digester has been
agitated properly and the type and the
situation of the mixer is appropriate to the
evaluated model. Also, as depicting by the
velocity contours, it is observed that the
minimum magnitude for velocity is occurred
in the space surrounding the central square
column. This is due to the no-slip boundary
condition of the walls surfaces.
3.4. Data Analysis
Employing user defined memory, the total
volume of the cells with velocity magnitude
below 0.02
which are considered as
stagnant zone is calculated. For the total
solids concentration of 12.1%, the stagnant
zone value is 1.66 . Consequently, the
percentage of the stagnant volume is achieved
as 0.47 % of the volume of the tank. In order
to find out the effect of the total solids
concentration on the volume of dead zone, the
simulation is performed for four other total
solids concentrations of 2.5%, 5.4%, 7.5%
and 9.1%, considering individually their
specific rheological properties according to
[35]. Figure 9 demonstrates that as the total
solids concentration increases from 2.5 to
12.1 the total value for dead volume enhances
from 0.71
to 1.66 , respectively. This
shows an increase of about 133%, which can
be considered as a significant variation in the
total volume of dead zones, although all of the
obtained values for the dead volume are

negligible compared to the total volume of the
fluid. Totally, it is concluded that by
increasing in total solids concentration, the
volume of dead zones increases. In addition,
employing Equation 8, the consumed power
by the mixer is estimated for each model with
specific total solids concentration. The
achieved values for the power consumption in
the models with different total solids
concentrations are depicted by Figure 10.

Figure 9 Dead volume occurred for each total solids
concentration in the
feedstock

Figure 10 power consumption of the mixer for each
total solids concentration in the feedstock
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It is indicated that by enhancing the total
solids concentration from 2.5% to 12.1%, the
power consumed by the mixer, which is
rotating at the constant angular velocity of
300 rpm, increases from 21.19
to
22.3
, respectively. This shows an
enhancement of about 5% which demonstrates
small difference in the values for power
consumptions in the model with different
concentrations of the total solids.In many
cases, the appropriate agitation has another
advantage, avoiding sedimentation. In order to
realize whether the mixing type is sufficient
enough to prevent sedimentation of heavy
solids in the digester, velocity gradient is
calculated. Calculating velocity gradient has
become a fundamental approach within the
water and wastewater industry to classify
mixing tanks. According to [37], velocity
gradient velocity gradient ( ) can be
estimated through the usage of local energy
dissipation rate:

of angular velocity on the dead volume and
velocity gradient, respectively.

Figure 11 dead volume amount occurred
for each mixer rotation speed

(9)
Where is the turbulent energy dissipation
rate in mass unit and
is the kinematic
viscosity. Previous studies has suggested that
the velocity gradient should be in the range
50–80
for the best operation of AD [38].
In this research,
is captured by the post
processing of the achieved data, utilizing
volume integrals in the software. It is equal to
26
. Thus, it can be found out that the
quality of mixing does not perform greatly to
avoid formation of the sedimentation layer, so
it is concluded that employing sewage pump
is necessary to improve the performance of
the AD. However, in this regard the effect of
mixing speed on the velocity gradient is
evaluated so as to realize whether it is viable
to increase the mixer rotation speed instead of
using sewage pump. The fluid with total solid
of 12.1% is analyzed while imposing the
values greater than 300 rpm to the rotation
speed. It is randomly considered that the
mixer rotates at the angular velocities of 300,
350, 400, 450 and 500 rpm. Similarly, the
mixing speed effect on dead volume is
analyzed. Figure 11 and 12 depict the effects

Figure 12 calculated velocity gradient for
each mixer rotation speed

As to the effect of the mixer rotation speed on
the dead volume (Figure 11), it is shown that
the values for the dead volume are from 1.66
for rotation speed of 300 rpm to 0.12
for rotation speed of 500 rpm. Indeed, the
dead volume decreases as the mixer rotation
speed increases. However, the decreasing
trend in the dead volume is declined, by
enhancing the rotation speed.Considering the
velocity gradient (Figure 12), it is observed
that, the velocity gradient varies from 26
for the mixer rotation speed of 300 rpm to
56.5
for the rotation speed of 500 rpm.
Therefore, in order that the velocity gradient
will be set at a value greater than 50
, the
mixer speed should be almost 500 rpm, but on
the other hand, once the mixer rotates at the
speed of 500 rpm, the required power
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consumption is supposed to be about 111.5
kW according to Equation 8, which may be
considered as high for such plants. Therefore,
it is not recommended to increase the mixer
rotation speed so as to fix the velocity
gradient in the range proposed by [38].
4. Conclusion
The purpose of this study was to model and
evaluate an anaerobic digestion tank utilizing
a DK18 EYS mixer, while employing CFD
method. Therefore, dead zones were assumed
as the elements in which the velocity
magnitude was below 0.02
. The dead
zone volume was about 1.66 , equal to
about 0.47 % of the total volume of the
digester. The stagnant fluid was near the walls
of the digester, due to no-slip condition at the
wall surfaces. Also, the effects of total solids
concentration on amount of both the dead
volume and power consumption were
evaluated.
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