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Abstract

In this research work, numerical simulations were conducted to examine the effect of baffles on flow activity in a stirred tank
bioreactor fitted with two six-blade Rushton turbines, at Reynolds number (Re) = 40,000. The lattice Boltzmann method
(LBM) was used as a numerical technique to discretize the flow domain. Large Eddy Simulation (LES) method was applied
for turbulence modeling. The small-scale turbulent structures were resolved by using the conventional Smagorinsky subgrid-
scale (SGS) model. The action of the reactor components (i.e., cylindrical wall, baffles, shaft, and Rushton turbines) on the
flow field were obtained by using the immersed boundary (IB) method. The simulations were performed for three different
geometries of stirred tank reactors, differentiated based on the impeller clearance. The study shows the impact of baffles on
all the three employed geometries. For each of the geometries, simulations were performed with and without the baffles. A
uniform, cubic computational grid of 1503 lattice nodes was constructed for the simulation. The computer code was developed
for performing the simulation. The complexity of the geometry and different physical processes involved make the simulation
more challenging and time-consuming. Thus, to get the results in an adequate time, the computer code was parallelized to run
on a multicore Graphical Processing Unit (GPU) platform. The results are demonstrated in the form of phase average flow
velocities as well as in turbulent properties, with validation from the available experimental data reported in the literature.

Keywords Stirred tank reactor - Lattice Boltzmann method - Large eddy simulation - Immersed boundary method

Introduction optimization of parameters, as both the optimization of pilot

reactors and the scaling of these parameters are important

Bioreactors are widely used in pharmaceutical industries,
water treatment plants, food processing industries, and
chemical plants. The bioreactor sizes differ by different
magnitudes. Types of biological reactors include microbial
cells (few mm?), shake flask (100—1000 mL), lab fermenter
(1-50 L), pilot-scale (0.3—100 m?) to plant size (2-500 m?)
(Chandrashekhar and Rao 2010). However, the develop-
ment of a plant (industrial) scale bioreactor system is not
that easy. There are various challenges associated with the
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for the improved performance of the industrial bioreactor.
Although various parameters have been defined for the scal-
ing process (Degaleesan 1997; Wilkinson et al. 1992; Safo-
niuk et al. 1999; Macchi et al. 2001), these are case-related
with no commonly accessible bearings (Shaikh 2007). Also,
it is highly difficult (nearly impossible) to get the optimized
parameters for the industrial-scale bioreactor by performing
experiments that are quite expensive and time-consuming.
The simulation of a bioreactor is, therefore, an important
way of designing and optimizing a large-scale reactor. This
would greatly minimize the costs and resources involved
in the optimization and scale-up process. There are differ-
ent types of bioreactors that differ based on their design
and mode of operation for industrial processes (Spier et al.
2011). Such types of bioreactors include (1) Stirred Tank
Bioreactors, (2) Bubble-Column Bioreactors, (3) Fluid-
ized Bed Bioreactors, (4) Packed Bed Bioreactors, (5) Air-
lift Bioreactors, and (6) Photo Bioreactors. Among others,
stirred-tank bioreactors are the most widely used reactor
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types in the biochemical, pharmaceutical, petrochemical
and water-processing industries. Stirred tank reactor offers
a wide range of applications for mixing, controlling reaction
kinetics, heat and mass transfer, and flocculation in the bio-
chemical, pharmaceutical, and water processing industries.
All these processes have been directly influenced by the flow
characteristics of the fluid inside the reactor. Thus, under-
standing the fluid flow characteristics such as the velocity,
turbulent kinetic energy (TKE) distributions, power number,
and flow number are necessary to increase the product qual-
ity, improve the design, and maintain operational costs (Li
etal. 2011).

Numerous experimental techniques, such as laser Doppler
anemometry (LDA) and particle image velocimetry (PIV),
are often used by the researchers to observe the flow char-
acteristics in stirred tank reactors. Normally, one can easily
find the experimental and numerical studies in the literature
for the single impeller stirred tank reactor. However, mul-
tiple impellers are usually preferred in the industrial unit
for efficient mixing and better productivity. Moreover, the
use of multiple impellers in the stirred tank significantly
increased the flow complexity. The first experimental study
using LDA techniques to observe the flow characteristics in
a stirred tank equipped with dual-Rushton impellers was per-
formed by Rutherford et al. (1996). This study investigated
the various flow characteristics, power consumption, and
mixing time in a dual-Rushton impeller stirred tank reactor
at Reynolds number (Re = 40,000). A set of experiments
was performed for different spacing between two impellers
and different impeller clearances from the vessel bottom.
Despite the above study, numerous experimental studies are
performed by researchers time to time to understand the flow
processes in the stirred tank reactor equipped with dual-
impeller (Bonvillani et al. 2006; Chunmei et al. 2008; Teli
et al. 2020; Alves et al. 2002; Zhang et al. 2017; Xinhong
et al. 2008). However, relatively fewer numerical studies are
available in the literature for a stirred tank reactor fitted with
the dual impeller. Some recent works in this direction are
reported by Zadghaffari et al. (2009), Taghavi et al. (2011),
Li et al. (2012). Zadghaftari et al. (2009) performed the
numerical simulation on a fully baffled stirred tank reactor
with two six-blade Rushton impellers using the sliding mesh
(SM) approach. LES was used in the study to model the
turbulence eddies. The study also conducted a PIV experi-
ment to validate the simulation results. The authors consid-
ered three different speeds of the impeller’s rotation, i.e.,
224, 300, and 400 rpm, in the study. Rhodamine-590 was
selected as the determining tracer in the study. The study
reported the results for the flow field, power consumption,
and mixing time. The planar laser-induced fluorescence
(PLIF) technique was adopted to measure concentration
and mixing time. Taghavi et al. (2011) experimentally and
numerically studied the consumption of power in a stirred
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tank reactor fitted with a six-blade dual-Rushton turbine.
The study reported the results for both single and gas—lig-
uid phase conditions. The numerical results were compared
with the experimental findings. Also, the results were
validated with the data available in the literature. Li et al.
(2012) conducted the PIV experiment and also performed
LES simulation on the same geometry used by Rutherford
et al. (1996) for the merging flow characteristics. The study
validated the obtained experimental findings and numeri-
cal results with the results of Rutherford et al. (1996), and
Micale et al. (1999). In recent work, Agarwal et al. (2021b)
performed numerical simulation to investigate the diverging
flow behavior in a stirred tank reactor. The present study is
a continuation and an extension of the work.

Furthermore, with the recent advancements in compu-
tational resources, Computational Fluid Dynamics (CFD)
has often been used as a numerical tool for obtaining the
solutions and visualizing the fluid flow behavior, which is
difficult and expensive to study experimentally (Lamarque
et al. 2010). The fast rotating impeller and stationary baffles
make the flow turbulent in the stirred tank reactor. The simu-
lation of turbulent flow in a stirred vessel using CFD offers a
sufficient amount of useful data to study the flow behavior,
vortex dynamics, circulation patterns, Reynolds stresses, etc.
(Vakili and Esfahany 2009). Moreover, the visualization of
all the parameters listed above allows the user to understand
different flow-related processes in the reactor. In addition to
this, one of the multiple flow-associated processes, mixing,
is utterly dependent on the fluid flow behavior, which further
identifies the possible problems in advance (Meroney and
Colorado 2009). Thus, CFD plays an essential role in numer-
ous contexts for the optimized design of a reactor, and it is
also necessary to develop new mathematical models time-
to-time for CFD, which should be more accurate and stable,
enhancing one’s understanding of reactor hydrodynamics
(Ding et al. 2010).

From the past three decades, the lattice Boltzmann
method (LBM) has been widely used as an alternative
approach to Computational Fluid Dynamics. It became pop-
ular among researchers and scientists due to its wide range
of applicability to simulate various physical and chemical
processes associated with the flow of fluid, and multiphase
flows (Grunau et al. 1993), immiscible fluids (Gunstensen
et al. 1991), heat transfer (Han-Taw and Jae-Yuh 1993; Ho
et al. 2002) and turbulent flows. The method first evolved
from the Lattice Gas Cellular Automata (LGCA). The
boolean principle involved in LGCA results in numerical
instability and inaccuracy. LBM was then recognized for
overcoming LGCA’s drawbacks; the method considered the
fluid to be a collection of particles (Sharma et al. 2019).
The method introduced the averaged distribution function
concept, which means a single distribution function contains
all those fluid particles at the same position simultaneously
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moving with the same velocity. Later, it was found that the
generalized form of the lattice Boltzmann equation (LBE)
can also be derived from the finite difference approximation
of the Boltzmann transport equation (BTE) (Sharma et al.
2019). The mathematical formulation of LBM includes a
two-stage procedure that involves the collision and stream-
ing of fluid particles’ distribution functions. The concept
behind the method is that a set of particle distribution func-
tions residing on a lattice node streams to adjacent lattice
sites and collides with particle distribution functions com-
ing from other directions, resulting in momentum exchange,
and, during the collision process, net mass and momentum
remain conserved (Agrawal et al. 2006). The method pro-
vides stable and local arithmetic operations for the mac-
roscopic behavior of fluid and recovers the Navier—Stokes
equations (Chen et al. 1992). The local mathematical opera-
tions give the method an advantage of an effective parallel
algorithm rather than the traditional CFD approach ( i.e.,
Finite Difference Method, Finite Volume Method, and Finite
Element Method).

However, to the best of the knowledge of the authors of
this work, the comprehensive study of the stirred tank reac-
tor equipped with a dual Rushton turbine using LBM has
not yet been reported in the literature. The current study not
only presents the flow characteristics in the dual Rushton
stirred tank, but also acknowledges the impact of baffles on
the flow. Moreover, the study also shows the effect of the
presence of baffles with different impeller clearance on the
flow characteristics and their influence on mixing, which
has not been studied so far. The simulations were performed
using the most popular collision model of LBM, i.e., the
LBGK model, also known as the single-relaxation time lat-
tice Boltzmann method (SRT-LBM) (Li et al. 2012). Large-
eddy simulation (LES) was used to model turbulence. The
conventional Smagorinsky subgrid-scale (SGS) model was
chosen for resolving the small-scale motions (Smagorinsky
1963). The obtained results showed a unique behavior in the
flow pattern in the presence and absence of baffles for differ-
ent impeller clearances.The authors developed a new highly
parallel SRT-LBM solver to efficiently run on the GPU clus-
ter for the present simulation. However, the same in-house
code was already used by the authors to study another bench-
mark problem of fluid flow and the results were validated
with experimental data reported in the literature (Agarwal
et al. 2021a). In addition, the present solver, along with
the parallelization of the SRT-LBM and LES model, also
includes the parallelizable code for the immersed boundary
method in it. The obtained results are validated with the
experimental observations of Rutherford et al. (1996), and
Micale et al. (1999) for the numerous fluid flow properties,
including flow averaged velocity, and TKE.

The remainder of the paper is organized as follows. Sec-
tion 2 details the information about the flow system used

for the current study. An overview of the simulation meth-
odology, i.e., the formulation for the governing equations
of LBM for the discretization of fluid domain, turbulence
modeling, and boundary conditions, is given in Sect. 3. The
description for the numerical setup and algorithm implemen-
tation on the GPU cluster using the Compute Unified Device
Architecture (CUDA) programming model is presented in
Sect. 4. The numerical results are discussed in Sect. 5. Sec-
tion 6 summarises the work and concludes the article.

Flow system

The simulation was carried out on a stirred tank reactor with
a standard configuration. It consists of a fully cylindrical
tank of diameter T with a flat base, open on top. The agita-
tion in the reactor was provided by the dual-Rushton impel-
ler of diameter D. The impellers consist of 6-blades, and the
details of the tank geometry and the impeller are depicted
in Fig. 1.

The water was filled up to a height (H) equal to the tank
diameter. The Reynolds number, (Re), which fully determines
the liquid flow behavior is defined by, Re = ]%, where N is
the rotational speed of the impeller, that is fixed at 250 (in
rpm), and v is the kinematic viscosity of the working fluid (i.e.,
water). The dimensional values are listed in Table 1. A similar
flow configuration was studied by Micale et al. (1999) using
the sliding-grid method with the k¥ — o turbulence model to

W, = D/10

Cs

H=TCGC;

W = D/5

G

Fig.1 2D-representation of the stirred tank geometry: front view
(upper), and top view (lower)
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Table 1 Reactor and impeller dimensions

Case 1 Case 2 Case 3

Tank diameter, T (cm) 29.4 29.4 29.4
Tank height, H (cm) 29.4 29.4 294
Water level, H,, (cm) 29.4 29.4 29.4
Water volume, V,, (1) ~20 ~20 ~20
Baffle width , W, (cm) 2.94 2.94 2.94
Baffle length, Ly (cm) 29.4 29.6 29.4
Number of baffles plate, N, 4 4 4
Impeller diameter, D (cm) 9.8 9.8 9.8
Shaft diameter, S, (cm) 1.176 1.176 1.176
Number of blades, N, 6 6 6
Circular disk diameter, D, 7.35 7.35 7.35

(cm)
Blade length, L;; (cm) 2.45 2.45 2.45
Blade width, W (cm) 1.96 1.96 1.96

Impeller clearance C;=025T C;=033T C;=0.15T
C,=0.50T C,=0.33T C,=0.50T

C;=025T C;=033T C;=035T

resolve the turbulent structures. As the analysis explores the
influence of baffles on the flow behavior, the simulation was
conducted on the identical configuration of the stirred tank
reactor, both in the presence and absence of baffles.

Simulation methodology
Lattice Boltzmann method

In this work, LBM has been used to discretize the flow domain.
The particular lattice Boltzmann (LB) scheme used here is
SRT-LBM (Qian et al. 1992). It is the LBM model most com-
monly used to solve fluid flow problems. The model can be
described with the equation given as:

[i(X + €At 1 + Ar) = fi(x, 1) — l[]?(x, n—fx,0]
T
———— _

streaming step

)]

~
collision step

where f;(x,7) and fieq(x, f) are the density distribution and
equilibrium density distribution functions along direction j
at (x,1), € is the particle velocity vector in the jth direction,
At is the time step and 7 is the relaxation time parameter that
controls the rate of approach to equilibrium (Perumal and
Dass 2015). The corresponding discrete equilibrium distri-
bution function ];eq for the model is given by:

A ()’ g2
2t 2c§]

(&
eq ]
j; —ij[l+7+ 2
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Fig.2 Schematic represenation of D50, lattice structure

where w is the weight factor, p be the density of fluid, c; is
the speed of sound dependent on the model and u = (u, v, w)
is the fluid velocity vector.

The lattice scheme in LBM notation can be distinguished
with D,,Q, reference, where m denotes the dimension of
the domain and 7 is the number of directions, a particle is
restricted to stream. In this study, the D3Q19 lattice structure
was used for the SRT-LB scheme as shown in Fig. 2.

The corresponding discrete velocity vectors e; and weights
w; for the D304 lattice are as follows:

c(0,0,0), j=0
e; =9 c(x1,0,0),c(0,£1,0),c(0,0, 1), j=1,..,6
co(x1,+1,0),c(£1,0,£1),c(0, £1,%1), j=7,...,18

3

[ 1=
o

-~
o0

0
1,...,6 4)
7

J
W, = ,j
Jj s, 18

s

3

[=)}

where, c is the lattice speed, defined as ¢ = Ax/Ar. The
relaxation time parameter 7 is related to the kinematic vis-
cosity that fixes the rate of approach to equilibrium given by
Perumal and Dass (2015):

. (27—1>(Ax)2

6 ) a ©)

The macroscopic variables such as density and momentum
density can be explicitly calculated from the real-valued den-
sity distribution function (Kang and Hassan 2011):

p= 20 = 2L = Def= e 6)
J J

J J
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Turbulence modelling

The simulation of turbulent eddies is an important feature of
this analysis, as the Reynolds number (Re) used in the simu-
lation indicates a robust, turbulent flow. The direct numerical
simulation (DNS) is not feasible at this Reynolds number
(Re) due to the limitation of the computational resources.
DNS would require a fine meshing of the domain and an
enormous number of time steps to model the turbulent flow.
In LES, however, the process assumed that small-scale flow
structures (i.e., independent of the flow geometry) are uni-
versal and isotropic. As a result, it provides an advantage to
the method for the modeling of turbulent flow with relative
ease (Derksen and Van den Akker 1999). The idea behind
the approach is to decompose the flow variables into large
and small structures by specifying a filtering procedure (Ste-
phen et al. 2000). The procedure enables large structures to
be resolved explicitly in grid calculation and uses the SGS
model for the small, turbulent structures. The general filter-
ing procedure is as follows:

Y(x) = / (' H(x, x')dx' (7

where ¥ is the spatially based quantity and H is the kernel
funtion and the integral is distributed over the entire region
(Hou et al. 1994; Koda and Lien 2015). The filtered equation
of SRT-LBM is written as:

- _ 1 - —
fi(X + At 1+ Ar) = f;(x,1) - ?z[fj(x’ nD=f1x01 (8)

where fj and ];.eq are the filtered density distribution and
equilibrium distribution function respectively. The Smagor-
insky SGS (Smagorinsky 1963) model (also known as the
eddy-viscosity model) has been implemented in this study
to address small-scale structures. The model consists of an
eddy viscosity term vy in its formulation. This eddy viscos-
ity term vg;¢ can be obtained from the filter width A and
characteristic filtered rate of strain . The filter width is of
size A equal to the grid spacing Ax. The equivalent expres-
sion is given as:

Vsgs = (C,4)°S

- ©
S=1/2 2,55

where S;; = (d;u; + d;u;) is the filtered strain rate tensor, C;
is the Smagorinsky constant and is set to 0.1 for the present
study. This particular value of C, is most commonly used
for shear-driven turbulence (Derksen 2001). The subgrid
closure can be implemented directly in the LBM equation
by simply replacing the physical kinematic viscosity v, with
the total effective viscosity v, in the collision step (Koda

and Lien 2015). The expression for total effective viscosity
v, given as:

Vi =Vt Vggs (10)

where v, s the eddy viscosity. In LBM, the viscosity of
the fluid is related to the relaxation time parameter as given
in Eq. (5). Thus,

(27, -1 (4x)?
(5)

Solving Egs. (5), (9)-(11) gives:

_3M(C %S 1)
T, =7+ —(Ax)2

where 7, is the total value of the relaxation time. The filtered
strain rate tensor S; can be obtained directly from the non-
equilibrium momentum flux tensor I1; given as:

~2p7,(A0)7S;;

34t (13

Ty= Y eyeyi—7 =
k
Also,

—— 2p7,(Ax)*S
1/2 = PP .. = —\/_ ! 14
0 VI, T (14)

Substituting Eq. (12) in Eq. (14) gives the expression for
charcterstic filtered rate of strain S:

—pchx + \/ (tpcAx)? + 184/2(CsA)2Q1/2

S= — (15)
6(C,A)?
Finally, substituting Eq. (15) in Eq. (12) gives:
. \/ (1hcAx)? + 18/2(C,4)201/2
a=l+ i (16)
2 2pc

Treatment of reactor components

The immersed boundary (IB) method is used in the pre-
sent study in the framework of LBM to model the influ-
ence of reactor components on the fluid flow. A particular
explicit diffuse direct-forcing immersed boundary-lattice
Boltzmann method (IB-LBM) is adopted for the simula-
tions (Kang and Hassan 2011). The tank wall, baffles, and
other rotational components of the reactor are defined as
a set of control points (i.e., lagrangian marker). The no-
slip condition on the reactor components is maintained by
using a two-way coupling approach. In this approach, the
surrounding fluid velocity is interpolated into the control
points of the reactor components to measure the force
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applied by the flow on the boundary surface, and then
these forces are distributed back to the surrounding fluid
nodes. An external forcing term is added in the governing
equation of LBM to compute the impact of these distrib-
uted forces on the fluid flow (for more details, one can
refer to Kang and Hassan 2011). Moreover, the interpola-
tion between the surrounding fluid nodes and the control
points of the reactor components is performed with the
cheap-clipped fourth-order polynomial mapping function
proposed by Deen et al. (2004). The function can be writ-
ten as:

15 (Xi_xz.b)s _ (Xi_xr,b)z 1
D(x.—xl.b): { E[ ns 2 n3 +n
s 0.

—n<(x—x;,) <+n
1 .
otherwise

a7
where b represent the control points of the reactor compo-
nents and n = 1 is used in the study. The surrounding fluid
velocity on the control points of the reactor components can
be calculated as:

+n +n +n

u(x,) = / / / D(x; = x;p))D(y; = ¥ip)D(z; = 2, )u(X)dxdydz

o (18)

Numerical setup and parallel
implementation

Modelling aspects

A uniform, cubic computational grid of 1503 was defined
for the simulation. The LES method was used in this
analysis to model turbulent flow. For subgrid-closure,
the SGS scheme was adopted with a Smagorinsky con-
stant (C,) of 0.1 (Smagorinsky 1963). A no-slip bounce-
back boundary condition was imposed at the walls of
the cube, whereas the free-slip boundary condition was
defined at the top surface to represent the free surface
(Derksen and Van den Akker 1999). Furthermore, the IB
method was used to represents the interaction between
the reactor components and the fluid, as mentioned in
Sect. 3.3. The reactor components (i.e., cylindrical wall,
impeller, impeller shaft, and baffles) in the simulation are
represented by a set of points called control points. The
distance between two control points at the reactor com-
ponents was 0.64x, where Ax is the grid spacing, equal to
2.0 x 107> m. The simulation starts with a stagnant liquid
and proceeds with a time step of 100 us. The simula-
tion runs for 150,000-time steps, which represent 15 s for
the operation of the reactor in real-time (Agarwal et al.
2021b).
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GPU parallelization

The latest research simulations have been conducted on a
server of 20 Intel R Xeon R Gold 5115 2.40GHz ten-core
CPUs per socket, with Nvidia Tesla GP100 GPU cards.
There are 6 graphical processing clusters (GPCs) within the
architecture of the Nvidia Tesla GP100. A GPC consists of
5 Texture Processing Clusters (TPCs), each with two stream-
ing multiprocessors (SMs). There are 64 CUDA cores and
four texture units for each SM. More specifics on the Tesla
GP100 card architecture can be found in NVIDIA (2016).
The Nvidia Tesla GP100 GPU’s technical requirements are
set out in Table 2.

The NVIDIA developed CUDA programming model is
used for the development of the code for GPU parallel com-
puting. In the CUDA programming model, CPU architecture
is described as a host unit and GPU architecture as a device
unit. The CUDA programming model used the kernel func-
tion for the execution of the program. The kernel function
in the CUDA programming model is a call function; it is
called from the host (i.e., CPU) and run on the device (i.e.,
GPU). It executes the complete domain grid in the GPU,
which was divided into a large number of GPU blocks. Each
GPU block consists of a large number of threads for parallel
computation. A large number of parallel calculation threads
are used in each GPU block. Figure 3 demonstrates the same
CUDA programming process. The block in CUDA program-
ming models runs parallel in different SMs, and the threads
in each block run directly into CUDA cores. The important
thing to understand is that the threads in each block can
communicate with each other. However, threads in a differ-
ent block cannot communicate.

The step by step sequence for the LBM algorithm imple-
mentation on GPU architecture is given below:

— Step 1: Allocate memory for the variables both on the
host and device

— Step 2: Copy related variables to device from host.

— Step 3: Divide the domain into a combination of blocks
and threads

— Step 4: Call the kernel function to perform different LBM
operations, i.e., collision, streaming, boundary condition
and updating of macroscopic variables.

— Step 5: After completion of the simulation, transfer of
data from device to host.

Results and discussion

The three different simulation results based on the impel-
lers placement are presented in Fig. 4. Case 1 indicates a
parallel flow pattern. Each of the impellers, i.e. upper and
lower, generate two vortex rings in their vicinity. Hence, four
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Fig.3 Illustration of the CUDA
programming model in 3D

GPU Device
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Serial-code
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threadldx.y

Serial-code

Table2 NVIDIA Tesla GP100 specifications

GPU architecture NVIDIA Pascal
NVIDIA CUDA cores 3840

Memory size 16 GB

Memory bandwidth 732 GB/s
Double-precision performance 4.7 TeraFLOPS
Single-precision performance 9.3 TeraFLOPS
Half-precision performance 18.7 TeraFLOPS

vortex rings are formed in the parallel flow. Case 2 shows a
merging flow pattern. Here, the flow generated by the impel-
lers merges at a halfway elevation between the upper and
lower impeller with a formation of two large vortex rings.
A diverging flow pattern is exhibited by Case 3, in which
the lower impeller forces the flow stream towards the bot-
tom of the tank. This is attributed to the low position of the
impeller. As a result, a large vortex ring is formed near the
lower impeller and two vortex rings are formed near the
upper impeller.

Figures 5, 6, and 7 show contour plots of instantaneous
velocity magnitude at the upper impeller location for Case
1, Case 2, and Case 3, respectively, each containing baffles
(Agarwal et al. 2021b), and the without baffles case. For each
case comprising baffles, the maximum velocity magnitude is
observed near the impeller vicinity, which decreases with an
increase in radial distance from the impeller. In Case 1, the

velocity magnitude shows nearly a similar distribution, i.e.,
maximum velocity near the impeller vicinity and stagnant
zone domination near the reactor surface. However, in Case
2 and Case 3, the situation differs. The velocity magnitude
in the instances without baffles is significantly lower than in
the baffled cases; this might be due to abrupt abnormalities
forming at the tank’s surface in the baffled cases. Further-
more, because of the no-slip boundary condition applied on
the impeller surface, the greatest velocity magnitude is seen
near the reactor surface, resulting in zero relative velocity
between the impeller and the fluid particle at the impeller
surface. As a result, as the impeller spins, the fluid around
it rotates as well, resulting in a greater velocity magnitude
closer to the reactor surface.

Figure 8 shows the contour plots of phase-averaged
velocity magnitude at the upper impeller location for Case
1, with baffles and without baffles. The phase-averaged
velocity is a special case of ensemble averaging in which
the velocity is recorded at the same time during each
impeller cycle and then averaged. The maximum phase-
averaged velocity magnitude is observed near the impel-
ler tip. Both the velocity contours seem to be identical in
terms of velocity magnitude and its distribution. The max-
imum phase-averaged velocity magnitude is approximately
0.65 times the linear velocity at the tip of the impeller
blades Usp for both the cases, i.e., with and without baf-
fles. The linear tip velocity of the blades is equal to the
rotational speed of the impeller (i.e., 250 rpm or 1.28 m/s).
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Fig.4 Flow patterns in the
dual-Rushton turbine stirred
tank reactor a Parallel flow, b
merging flow, and ¢ divering
flow

QP
cH

Fig. 5 Contour plot of instan-
taneous velocity magnitude at
the upper impeller location for
Case 1: a with baffles b without
baffles

Moreover, the present study depicts that the tip velocity of
the blades can only be used to make a qualitative estimate
of the maximum fluid flow velocity magnitude. Figures 9
and 10 show the contour plots of phase-averaged velocity
magnitude at the upper impeller location for Case 2 and
Case 3, respectively, with baffles (Agarwal et al. 2021b)
and without baffles. The velocity magnitude at the upper
impeller is reduced as compared to the parallel flow. The
impeller vicinity has the highest velocity magnitude,
which reduces towards the reactor surface. In Fig. 9, the
without baffles case also showed the same behavior, but
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with a smaller velocity magnitude. The average velocity
magnitude is maximum at the impeller vicinity, which
reduces towards the reactor surface. The case with baffles
shows a higher velocity magnitude with a reduced stagnant
zone. The stagnant zone in Fig. 10 for the cases without
baffles is smaller than in the previous two examples with-
out baffles. As previously stated, the distance between the
upper and lower impeller blades, as well as the distance
between the lower impeller blades and the tank’s bottom,
determine the parallel, merging, and diverging flows. Fur-
thermore, the stationary region area might be due to Case
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Fig.6 Contour plot of instan-
taneous velocity magnitude at
the upper impeller location for
Case 2: a with baffles b without
baffles

Fig.7 Contour plot of instanta-
neous velocity magnitude at the
upper impeller location for Case
3: a with baffles (Agarwal et al.
2021b) b without baffles

Fig.8 Contour plot of phase-
averaged velocity magnitude at
the upper impeller location for
Case 1: a with baffles b without
baffles

(a)

3’s significant swirling flow characteristics as opposed to
Case 1 and Case 2. (Li et al. 2012).

Figure 11 shows the contour plots of phase-averaged
velocity magnitude at § = 0° for Case 1. The maximum
velocity magnitude is near the vicinity of both the upper
and lower impellers. In both cases, i.e., with and without
baffles, the velocity magnitudes show the same spread.
Most of the contour plot shows a dominance of dead zone
or stagnation zone. The stagnant zone is undesirable as the
energy dissipation takes place in a smaller volume. In both
cases, i.e., with and without baffles, the velocity contours
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are nearly identical. Nonetheless, the primary purpose of
using baffles in the reactor is to avoid the swirl motion of
the fluid in agitation. The baffles in the reactor convert the
swirl motion of the fluid into the desired flow pattern. It
converts the rotational flow of fluid to an axial flow, resulting
in proper mixing. However, for the parallel flow bioreac-
tor, the flow pattern for both the with and without baffles’
cases is similar. Hence bioreactors without baffles can be
chosen over the baffled bioreactor to reduce the material
requirement for its manufacturing. Moreover, by reducing
the material requirement, the manufacturing cost of the
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Fig.9 Contour plot of phase-
averaged velocity magnitude at
the upper impeller location for
Case 2: a with baffles b without
baffles

Fig. 10 Contour plot of phase-
averaged velocity magnitude at
the upper impeller location for
Case 3: a with baffles (Agarwal
et al. 2021b) b without baffles

Fig. 11 Contour plot of the
phase-averaged velocity magni-
tude at @ = 0° for Case 1: a with

baffles b without baffles = S

O <Er—I=m>

(a)

bioreactor also decreases. Figure 12 shows the contour plot
of the phase-averaged velocity magnitude at = 0° for Case
2. The vortices mix in both the cases, with and without baf-
fles. However, the mixing is stronger in the ‘with baffles’
case than the ‘without baffles’ one. The stagnant zone is
also reduced in this case as compared to the parallel flow,
i.e., Case 1. However, the stagnant zone is dominant in the
case without baffles. Hence, the case with baffles will exhibit
better mixing. Figure 13 shows the contour plot of phase-
averaged velocity magnitude at § = 0° for Case 3 (Agarwal
et al. 2021b). The development of a vortex can be seen at
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the bottom having a good spread. It is desirable in terms of
mixing. However, the mixing of upper and lower vortices is
not observed here. The magnitude of the velocity is higher
in the baffle case, but the spread of the vortex is better in
the latter case. The stagnant zone is reduced as compared to
Case 1, especially at the bottom of the reactor.

Figure 14 shows the comparison of axial profiles of
phase-averaged radial velocity in a plane midway between
baffles at different radial locations for Case 1. The simu-
lation results are compared with the experimental data
of Rutherford et al. (1996) and Micale et al. (1999). The
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Fig. 12 Contour plot of the
phase-averaged velocity magni-
tude at @ = 0° for Case 2: a with
baffles b without baffles
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Fig. 13 Contour plot of the
phase-averaged velocity magni-
tude at @ = 0° for Case 3: a with
baffles (Agarwal et al. 2021b) b
without baffles
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results are in very good agreement with the experimental
data and seem to nearly overlap at all the radial positions
considered for the simulations. The effect of baffles is not
significant and the axial velocity profiles for all the radial
positions follow the same profile. Similarly, the compari-
son of axial profiles of phase-averaged radial velocity in a
plane midway between baffles at different radial locations

Fig. 15 Comparison of axial 1.0 =
profiles of the phase-averaged (a) r=0.18T
radial velocity in a plane mid- .
way between baffles at different
radial locations for Case 2 0.8
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Fig. 16 Comparison of axial 1.0 —
profiles of the phase-averaged (a)r=0.18T
radial velocity in a plane mid- -
way between baffles at different
radial locations for Case 3 0.8 -
(Agarwal et al. 2021b)
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for Case 2 is shown in Fig. 15. The results show a similar
trend away from the impellers but near the vicinity of the
impeller, the LBM results slightly under predict the experi-
mental measurements. The ‘without baffles’ case is quite
unable to predict the velocity profile, especially near the
upper impeller at all the radial positions. The double-peak
shape is not exhibited by the simulations without baffles.
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Figure 16 shows the comparison of axial profiles of phase-
averaged radial velocity in a plane midway between baffles at
different radial locations for Case 3 (Agarwal et al. 2021b).
The ‘with baffles’ simulation cases slightly over predict the
experimental measurements near the impeller vicinity. The
diverging nature of flow at the bottom impeller can be seen
with the increasing radial position. Here, the LBM simu-
lations show better agreement with the experimental data.
Additionally, the ‘without baffles’ case is also simulated for
a comparison, which shows a lower velocity magnitude in
all the radial positions. This could be due to the placement
of the impellers. The lower impeller is located close to the
bottom of the tank, and the distance of the upper impeller
from the top of the water level is more comparable to the
other two cases (Case 1 and 2). Moreover, the presence of
baffles for this particular Case 3 breaks the liquid flow that
leads to increased turbulence at all the radial locations of
the upper impeller, resulting in higher velocity magnitude.
However, the absence of baffles deteriorates the turbulence
level, which in turn decreases the velocity magnitude.
Figures 17, 18, and 19 show the comparison of axial pro-
files of turbulent kinetic energy in a plane midway between
baffles at different radial locations for Case 1, Case 2, and
Case 3, respectively. The comparisons are made to give an
idea about the turbulent kinetic energy variation between
the aforementioned cases. The experimental data consist
of baffles in their configuration, and the same is used for
the validation of code developed to simulate the present
study. Moreover, the authors have focussed on the effect
of using/not using the baffles on the flow hydrodynamics
of the stirred tank reactor. In Case 1, the kinetic energy
is maximum at the impeller tips due to the high-velocity
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Fig. 17 Comparison of axial profiles of the turbulent kinetic energy
in a plane midway between baffles at different radial locations for
Case 1
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Case 2

magnitude. Both the ‘with and without baffles’ cases slightly
over predict the turbulent kinetic energy compared to the
experimental data, especially at the smaller radial position.
As the radial position increases, the results match with a
relatively lower deviation than before. Similarly, in Case 2,
the double peaks are observed in the with baffles case at
the radial location close to the impellers. The results are in
good comparison with the experimental data. Moreover, the
without baffles case under-predicted the turbulent kinetic
energy at the upper impeller; however, at the lower impel-
ler, results are slightly over-predicted. Furthermore, at the
radial location away from the impeller locations, the with
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Case 3 (Agarwal et al. 2021b)
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baffles cases are in close agreement with the experimental
results, except in the region between the two impellers, and
the without baffles case shows similar under-predication
at the upper impeller, and a slight shift is observed in the
peak at the lower impeller. In Case 3, the double peaks are
exhibited near the impellers. However, the simulation results
slightly overpredict the experimental data, specifically in the
vicinity of the upper impeller (Agarwal et al. 2021b). The
without baffles case also shows a nearly similar behavior in
the vicinity of the lower impeller, but the turbulent kinetic
energy has a significantly lower magnitude near the upper
impeller. Among the three cases, Case 1, i.e., parallel flow,
depicts nearly the same behavior of velocity magnitudes and
turbulent kinetic energy for the experimental data and for the
simulation cases with and without baffles.

Conclusions

The present work carried out a numerical simulation on the
dual-Rushton turbine equipped stirred tank reactor to scru-
tinize the flow characteristics. The study reported the results
for the placement of impellers at different locations, along
with the presence and absence of baffles in the reactor. The
study used the LBM as a numerical approach to discretize
the fluid domain. LES is used to model the turbulent flow,
and small-scale turbulent structures are resolved by the Sma-
gorinsky SGS model. The obtained results are compared
and validated with experimental findings reported in the
literature. The results show a good agreement between the
reported experimental data and the simulations performed
using the LBM-LES model. The results show that, in the
absence of baffles, the magnitude of instantaneous velocity,
phase averaged velocity, and turbulent kinetic energy is less
for diverging and merging flow. One interesting finding of
this study revealed that the presence or absence of baffles
does not affect the velocity and turbulent kinetic energy in
the parallel flow arrangement. It affirms that the baffled tank
design can be avoided in the case of parallel flow to reduce
manufacturing costs and save material.

The current study is intended to be expanded in terms of
several valuable works. The future extension of this work
will include the flow with a solid suspension of grass par-
ticles for biogas production. The effect of temperature will
also be seen with the addition of the solar thermal effect on
the bioreactor. Additionally, the effect of baffle geometry
and impeller locations will be analyzed in the next paper.
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