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Abstract: Limited by single function, it is difficult for the traditional stirred vessels to meet the requirements of mixing system
in biomass wastewater treatment processes. The estimation of biomass wastewater stirring reactor performance by
computational fluid dynamics (CFD) during multiphase reactions is important, due to the uncertainty in the numerical results.
In this study, a novel double-partition stirred vessel with eccentrically located impellers was developed for the special subject.
In addition, many simulations were carried out with the wastewater from biomass ethanol production as the medium to ensure
the high reactor performance. The fluid flow was simulated and analyzed using the turbulent RNG k-¢ model and multi
reference frames. A good agreement is found between the simulation results and the confirmatory experiment. Moreover, the
weir crest and interconnected pore were specially designed for the establishment of the circulation of fluid to maintain different
technological conditions in the two regions. The distributions of radial velocities and tangential velocities were concentrated
near the stirring blade. From the velocity profile, it is deduced that the flow pattern in the stirred vessel is insensitive to
Reynolds number. Finally, this simulation study could contribute to the improvement and optimization of the structure, as well
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as the operation of the novel stirred vessel.
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1 Introduction

Biomass-based industries such as paper making, sugar
production, alcohol fermentation, and food manufacturing produce a
large amount of wastewater while obtaining products. The
wastewater contains a large amount of cellulose, hemicellulose,
starch, sugars, organic acids, and proteins with a high COD value,
which seriously pollutes the environment and causes waste of
biomass resources. Therefore, the use of suitable processes for
efficient treatment is crucial to recover resources, reduce costs, and
mitigate the environmental pollution™.

Mechanically stirred vessels are widely used in the biological
wastewater treatment process to perform several operations such as
dissolution, crystallization, aerobic fermentation, hydrogenation,
chlorination, organic oxidation, and chemical synthesis with
suspended catalysts and/or suspension polymerization”®. The
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treatment of complex multiphase components of biomass
wastewater is usually performed using a multi-step method" .
Although the traditional single stirred vessels have many
advantages such as their simple structure, convenient operation, and
mature design, they could not meet the requirements of the
complexity and variation of mixed system in biomass wastewater
treatment processes''”'l. However, the series of multiple single
stirred reactors increases the investment cost, and the material
transportation between reactors reduces the reaction efficiency.
Consequently, in this study, a novel double-partition stirred vessel
with eccentrically located impellers was developed for the biomass
wastewater treatment. This stirred vessel, divided into two regions,
can simultaneously perform several stages of the same complex
process. The rational design of the stirred vessel ensures a
circulation between two zones. In addition, with different
technological conditions, the material concentration could be
maintained in the two regions by adjusting the circulation rate and
rotating speed.

Studies on the performance prediction of stirred vessels have
been carried out since the 1980s. In recent years, computational
fluid dynamics (CFD) has also become a very powerful tool in the
design of stirred vessels, due to the fact that it can provide detailed
information on the turbulent flow field in stirred vessels for single-
phase and multi-phase applications!>". Furthermore, CFD can
perform the visualization analysis of the flow field of the semi-
closed and closed pilot reactor!'®. However, the computational
results should be validated against experimental data because the
calculations depend on several factors, such as the modeling of the
geometry, the mesh structure, the boundary conditions, and the used
turbulence model. Many CFD modeling studies of turbulent flow in
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agitated vessels have been conducted, especially in stirred reactors
for the biomass reaction process!'”*.

In this study, the fluid flow field in double-partition stirred
vessel with eccentrically located impellers was developed for
complex process of biomass wastewater treatment. The simulations
and analysis were performed using the turbulent RNG k-¢ model
and multi reference frames with the wastewater from biomass
ethanol production. The CFD results were compared with
experiment results for validation. The flow patterns in the single-
phase system were also studied and the velocity components were
discussed. Furthermore, the volume of fluid (VOF) scheme is used
to simulate the free surface in the multi-phase system. The obtained
results provide suggestions for the design of stirred vessels with off-
centered agitators, which is important for applications in complex
biomass wastewater treatment processes.

2 Materials and methods

2.1 Vessel configuration

The structure and size of the double-partition-eccentrically
stirred vessel is shown in Figures 1 and 2, and Table 1. It can be
deduced that the vessel has an oblong shape, and it is divided into
zones I and II by a clapboard to ensure that several stages of the
same complex process can be simultaneously performed in this
stirred vessel. The down-pumping and up-pumping impellers are

Weir crest
Feed inlet

Overflow port Zone Tl

Interconnected pore

respectively equipped in zones I and II. They are both three-bladed
40° pitched turbines. The baffles were used to eliminate the
phenomenon of swirling in the stirred vessel and improve the
mixing efficiency. The baffle width was 1/12 of the stirred vessel
diameter.
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Figure 2 Grid system used in the stirred vessel

Table 1 Geometric specification of the numerical stirred
vessel model

Parameters Values
Distance between impellers S/mm 300
Off bottom clearance C/mm 200
Liquid height Hymm/mm 896
Weir crest off free surface H,,/mm 304
Weir crest width B, /mm 216
Interconnected pore height A, /mm 216
Interconnected pore width B;,/mm 178
Vessel length D/mm 1600
Baffle width B,,/mm 60
Baffle thickness Ty,/mm 5
Stirred vessel radius R,/mm 400
Blade diameter D;,/mm 260
Blade width B;,,,/mm 90
Blade width B;,,/mm 50
Blade thickness T;,/mm 10
Blade pitch angle 6/(°) 40
Off center d/mm 70

2.2 Model description and computational conditions

The size and structure shown in Figures 1 and 2, and Table 1,
were used in the simulation for the comparison with the
experimental results. Figure 2 shows the computational grid
partitioning. The stirred vessel was divided into three parts; two
parts are the inner rotating zones while the third is the outer non-
rotating zone. An unstructured tetrahedral grid was densified to deal
with large aspect ratios and sharp element angles in the inner
rotating zone due to the irregular impeller structure (three-bladed
40° pitched turbines) and the complex reactor structure. Considering
the geometrical size difference between the stirred vessel and baffle,
a grid was densified to improve the calculation convergence and
accuracy. The total number of computational grids was 7x10° cells.
2.3 Governing equations

The continuity and momentum equations, based on the
conservation principles of mass and momentum in the stirred tank,
are given by:

Continuity equation:

ai’w-(py):o (1)

Momentum equation:
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where, P is the static pressure, p§ and F are respectively the
gravitational body force and external body forces (e.g., that arise
from interaction with the dispersed phase; Falso contains other
model-dependent source terms such as porous-media and user-
defined sources), u is the molecular viscosity, / is the unit tensor,
and the second term on the right hand side is the effect of volume
dilation. The RNG version of the k-¢ model was developed in
response to the empirical nature of the standard version of the k-¢
model. It has a similar form to that of the standard version of the k-¢
model. However, it contains modifications in the dissipation
equation to better describe the flows with regions of high strain,
such as the flow around a bend or reattachment following the
recirculation zone. In addition, a differential equation is solved for

2425 [26-29]

the turbulent viscosity®!. This model is used in several studies!
Therefore, the turbulent RNG k-¢ model was used in this study.

The turbulent kinetic energy equation is given by:

+G, +pe 3)
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The rate of the turbulent kinetic energy equation is expressed

as:
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where, G, is the turbulent kinetic energy production term.
Hepr = M+ My 5)
kz
wo=pc, S ©

The usual constants of the k-¢ turbulent model are listed in
Table 2.

Table 2 Constants of the RNG k-g model

Cy, & O 43

C

"

0.0854 1.42 1.68 1.39 1.39

In order to solve the relative rotation between the impeller and
baffles, the multiple reference frame method is used as it provides
accurate prediction, and demands less computational resources?**2.
An interface is introduced to exchange all the parameters in the
governing equations between the inner and outer zones.

The finite volume method and steady state methods of implicit
pressure were used in this study. SIMPEC is used for the Pressure-
Velocity Coupling Method, second order upwind discretization
scheme for momentum, turbulent kinetic energy, and turbulent
dissipation rate. It should be ensured that the iterative convergence
is achieved with at least four orders (1e*) of magnitude decrease in
the normalized residuals for each solved equation.

Furthermore, the volume of fluid (VOF) scheme is used to
simulate the free surface!**”%. In this research, the QUICK
discretization scheme was used for Momentum, the First order
upwind discretization scheme was used for turbulent kinetic energy
and turbulent dissipation rate, the Presto discretization scheme was
used for Pressure, and the PISO algorithm was used as Pressure-
Velocity Coupling Method. The under-relaxation factors are chosen
between 0.2 and 0.5. The small values of the under-relaxation
factors are required for the stability of the solution of this
interpolation scheme. For transient problems, iterative convergences

at each time interval are checked and all the residuals are dropped
below four orders (le*) in almost 10 000 iterations. The time
interval is selected as A4t = 0.01 s. Initially, the desired volume
fraction of the liquid (water) is uniformly settled at the bottom of
the vessel (H; = 896 mm), while the air is kept stationary in the rest
of the tank, as show in Figure 3.
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Figure 3 Problem scheme

In the 3D simulations performed in this study, the boundaries
depending on the nature of the flow are walls and free-surface. The
turbulent flows are significantly affected by the presence of walls.
Therefore, how to make the turbulent RNG k-¢ model suitable for
wall-bounded flows should be taken into consideration. The
standard wall functions were used to specify walls, which are based
on the proposal of Launder and Spalding, and have been most
widely used for industrial flows®". In the turbulent RNG k-¢ models,
the k& equation is solved in the whole domain including the wall-
adjacent cells. The boundary condition for £ imposed at the wall is
given by:

ok
I 0
where, n is the local coordinate normal to the wall.

The production of kinetic energy G,, and its dissipation rate ¢ at
the wall-adjacent cells, which are the source terms in the & equation,
are computed based on the local equilibrium hypothesis. Under this

(7

assumption, the production of & and its dissipation rate are assumed
to be equal in the wall-adjacent control volume.
Thus, the production of & is computed as:

ou T,
G ATy =Ty—— 3
g Oy KpC;/4k}/2Ayp
and ¢ is expressed as:
C3/4k3/2
e= 4+ F )
KkAyp

On the walls of the vessel, the impellers and baffles are treated
as free-slip and no-slip boundary conditions, respectively. The
impellers are rotated with the inner rotating zone.

3 Test verification and analysis

In the simulation calculation and verification experiments,
biomass ethanol wastewater was used as the medium. For the
validation of the simulation model, the verification experiments
were carried out with the same size and structure of the pilot stirred
reactor for six cases. The experiment conditions are presented in
Table 4. The distribution of 45 monitoring points in the weir is
shown in Figure 4. The fluid velocities that were measured in steady-
state for case 1, 3, and 5 at midline of weir crest (x = —292 mm) and
H = 280 mm, were compared with the simulation results (Figures 5
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Figure 4 Monitoring point distribution

and 6).

Figure 5 shows comparisons of velocity between the
experiment results and simulation results at midline of weir crest
(x =—292 mm). It can be observed that the trend of the experimental
velocity distribution is consistent with the simulation results. The
fluid velocity increased with the height, while it more obviously
increased with the Reynolds number. Moreover, the fluid velocity
values were fluctuated at locations z/H,,, = 0.1-0.5, because of the
change of part of the fluid velocity direction (from radial velocity to
downward axial velocity).

Comparisons of velocity between the experiment results and

simulation results at H = 280 mm are shown in Figure 6. The

experimental flow rate of weir (Q,.;), simulation flow rate of weir
(Qs-weir)> and simulation of flow rate of interconnected pore (O pore)
are presented in Table 4. It can be observed that the confirmatory
experimental results are consistent with the simulation results. The
flow rates of experiments and simulations increased with the
Reynolds number, and the maximum relative deviation is 3.08%.

Table 3 Flow rate of the experiment and simulation

experiment simulation
case O /-5 Oyeir /M-s™ Oy pore /M’s™
1 0.008 95 0.008 92 0.008 93
2 0.007 32 0.007 28 0.007 26
3 0.006 38 0.006 33 0.006 33
4 0.005 70 0.005 62 0.005 61
5 0.003 86 0.003 74 0.003 74
6 0.002 18 0.002 17 0.002 17

4 Results and discussions

4.1 Flow patterns

For the visualization of the flow patterns in the vessel, three
intercepting surfaces (side view, z = 150 mm, and z = 750 mm) of
velocity vector field, and velocity contour of stirred vessel under
case 1, are shown in Figure 7. A presence of downward stream and
upward stream is observed near the blade in zone I and zone II
(Figure 7b). In addition, near the wall stream, axial movements are
observed in upward direction in zone I and downward direction in
zone II. Consequently, a typical recirculation loop flow pattern is
obtained on the two sides of each impeller, which is created by the
jets of the impellers and the radial velocities striking the walls. The

experimental and simulation results are consistent. The shape of the recirculation loops depends on the impeller type.
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Figure 5 Comparisons of velocity between the experiment results and simulation results at midline of weir crest (x = =292 mm)
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Table 4 Experiment conditions
Zone | Zone II
Case frequency of stirring rotating speed of Rex10 frequency of stirring rotating speed of Rex10
paddle/Hz agitator N/r-min™ paddle/Hz agitator N /r-min”'
1 69.9 191.0 21.41 59.4 162.2 18.18
2 60.0 159.9 17.93 50.2 136.3 15.28
3 50.2 138.6 15.54 40.0 108.2 12.13
4 40.0 107.8 12.08 30.2 81.2 9.10
5 30.2 81.6 9.15 20.0 52.5 5.89
6 20.0 53.8 6.03 10.0 24.7 2.77
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Figure 6 Comparisons of velocity between the experimental results and simulation results at 4 = 280 mm

Moreover, it is observed that the distribution of radial and tangential
velocities in the flow field was concentrated near the blade. Figure
7c shows that one stream in zone [ passes through the
interconnected pore and enters into zone II, due to the thrust of the
down-pumping blade. In zone II, part of the fluid stream through
weir crest return to zone I, as shown in Figure 7d. The circulation
flow is then formed.
4.2 Free surface

The fluctuation of free surface was obtained by the VOF
scheme to determine the change of liquid level with time, to
determine the optimal operating conditions of the reactor for
treating biomass wastewater. Figure 8 illustrates the simulative
distribution of volume fraction of water for case 1, and the change
of the free surface with time. The simulation results depend on the
time since the VOF scheme is applicable only for the transient
problems. The comparisons of unsteady-state and steady-state
values of Qi and Q. Were used to check the stability of the free
surface. At ¢ = 20 s, the values of Oy and Q. were respectively
0.008 85 m’/s and 0.008 84 m’/s, and they were comparable with
the values in Table 3, indicating representative free surface pattern.

It can be seen from Figure 8 that the height of free surface in zone II
is slightly higher than that in zone I, due to the thrust of the down-
pumping blade in zone I and the up-pumping blade in zone II. The
upward stream was changed to an outward jet stream at free surface
in zone 11, forming an outward wave. The asymmetric shapes of free
surface between zones I and II are then formed.
4.3 Velocity components

Figures 9-11 show the distributions of the velocity component
in the stirred vessel at x; = 150 mm, y; = 330 mm (zone I), x, =
—150 mm, and y, = =330 mm (zone II). The coordinate zero point
was in the center of the stirred vessel bottom. The impeller tip speed
was calculated as:
D;,
2

The trends of the distributions of the velocity components,

VT[p = 27[Nrps (10)

shown in Figures 9-11, can be summarized as follows:

(1) This velocity component shows a maximum value at each
turbine (z/H = 0.22, 0.58), which is consistent with the result of the
study presented in [37].

(2) The axial velocity was upstream in zone II and downstream
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Figure 7 Velocity vector field and velocity contour of stirred vessel

in zone I, due to the angle of the blades. It can be seen from Figure
9 that the axial velocity was close to zero at z/H = 1 (free surface),
which was in accordance with the experimental observation.
However, it can be observed from Figures 10 and 11 that the radial
velocity and tangential velocity were not zero at z/H = 1 (free
surface), because of the change of the fluid velocity direction, from
axial velocity to radial velocity and axial velocity.

(3) It can be deduced from Figures 10 and 11 that the
distribution of the radial and tangential velocities in the flow field

was concentrated near the blade.

(4) The dimensionless velocity profiles (Voial/ Vrips Viangential! Viips
Viadia Vrip) coincide basically for six cases in zones I and II. It can
be deduced from the velocity profile that the flow pattern in the
stirred vessel is insensitive to the Reynolds number.

5 Conclusions

In this study, a novel double-partition-eccentrically stirred
vessel was developed, while considering the complexity and



238  March, 2023 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 16 No. 2

0.50

IO
Zone |
a.t=0s

Zone Il Zone |

L0000
o= =L B
FONSHhSUhSh

Zone Il

OOOOOOOOOOOOOOOOOOO
o=—wwh Ry oo
NOUNONDDNONDNDONDODNDNOWN

d.t=12s

CLLOOOOO0O00OO0000O000
oS=—iiwbh BRI
FONSHSRSHOSRSNSHSUSH

Zone I
b.t=6s

Zone Il Zone |

Zone |

9999999999999999999
O—=—= I NWLWEARLRNUNDNDNIJICON0OO
FONSHOHOSUSNShSHhSHhSH

d.t=20s

Figure 8 Distribution of volume fraction of water

-0.2

Vial Viip

z/H;
a. Zone |

0.4

03

02+

Vasia Vi

0.1F

z/H;
b. Zone Il

Figure 9 Axial velocity profile

035
0.30
0.25
0.20
0.15

eeé»[>oOon
AN BN~

Viangentiat/ Vip

0.10
0.05
0.00
—0.05

0 0.2 0.4 0.6 0.8 1.0
z/H;
a. Zone |

0.20 +

Vtzngcmml/ VTip

0 0.2 0.4 0.6 0.8 1.0
z/H;
b. Zone Il

Figure 10 Tangential velocity profile

variation of mixed system in the treatment of complex multiphase
components of biomass wastewater. The vessel was divided into
two zones to ensure that several stages of the same complex process
can be simultaneously performed in this stirred vessel. In addition,

two regions are connected by the weir crest and the interconnected
pore to ensure the uniform materials contact and improve the
reaction efficiency. Using the turbulent RNG k-¢ model and multi
reference frames, a CFD based three-dimensional model problem
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was developed to understand the flow pattern and the velocity
components characteristics in a stirred vessel driven by three-bladed
40° pitched turbines. Furthermore, using the VOF scheme, the
change of the free surface with time was obtained under unsteady-
state. Comparisons of the weir flow rate and fluid velocity between
the simulation and experimental results were performed. The
numerical simulation result was consistent with the experimental
result. This indicates that the flow process in the stirred tank can be
accurately predicted by the CFD model. It can be deduced from the
simulation results of flow pattern and the velocity components that
the rational design of weir crest and interconnected pore ensure a
circulation between two regions, allowing to establish and maintain
different technological conditions in two zones by adjusting the
circulation rate and rotating speed. The velocity components curves
were consistent for six cases in zones I and II, implying that the
flow pattern in the stirred vessel is insensitive to the Reynolds
number. This study demonstrates that the CFD model can
accurately describe the flow process
eccentrically stirred vessel. In addition, it is very useful for the
improvement and optimization of the structure and the operation of
the novel stirred vessel, as well as the efficient and low-cost
treatment of biomass wastewater.
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