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Abstract: The present work aims to define strategies for numerical simulation of the mixture of
turbulent flows in a stirred tank with a low computational effort, and to investigate the influence of
the geometry of four rectangular baffles on the problem of performance. Two computational models
based on momentum source and sliding mesh are validated by comparison with experimental
results from the literature. For both models, the time-averaged conservation equations of mass,
momentum and transport of the mixture are solved using the finite volume method (FVM)
(FLUENT® v.14.5). The standard k—¢ model is used for closure of turbulence. Concerning the
geometrical investigation, constructal design is employed to define the search space, degrees of
freedom and performance indicators of the problem. More precisely, seven configurations with
different width/length (L/B) ratios for the rectangular baffles are studied and compared with an
unbaffled case. The momentum source model leads to valid results and significantly reduces the
computational effort in comparison with the sliding mesh model. Concerning the design, the results
indicate that the case without baffles creates the highest magnitude of turbulence kinetic energy,
but poorly distributes it along the domain. The best configuration, (L/B)o = 1.0, leads to a mixture
performance nearly two times superior than the case without baffles.

Keywords: stirred tank; momentum source model; sliding mesh model; computational modeling;
constructal design

1. Introduction

Tanks with mechanical agitation play an important role, being widely used by
chemical, pharmaceutical, food and fuel production industries. The quality of the final
product highly depends on the configuration and operating conditions of the tank. The
process of improvement involving these tanks requires an accurate understanding of the
flow behavior as well as the evolution of the mixture process in space and time [1].

Several geometric configurations for the cross-sectional shape of the tanks have been
proposed in the literature, from cylindrical to polygonal. Among the investigated shapes,
a cylindrical shape is the most common [2]. Concerning the impellers, different
configurations have also been explored, as well as their placement in the tank [3,4].
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The flow in these tanks is generally turbulent, and fluid mixing takes place by a
combination of mechanisms: convection caused by bulk motion (stirring, for example),
molecular diffusion and turbulent diffusion. The processes of chemical reaction, mass
transfer, heat transfer, fluid blending, among others, are dramatically affected by the
presence of turbulence [5]. Moreover, in these tanks there are specific areas called dead
spots where only diffusion takes place. In general, an increase in the momentum of the
flow leads to a decrease in dead spots in the volume of the tank, leading to a decrease in
mixing time. Therefore, in order to reduce the dead zones and intensify the rate of mixing,
baffles are distributed on the tank walls for directing the flow, breaking vortices and
contributing to energy dissipation [3,6].

The improvement of stirred tanks aims to decrease the mixing time and energy cost.
Fluid mixing is characterized by tracking the dissipation of a passive scalar injected into
the volume of the fluid [7]. This approach has been recommended for predicting the
mixing time for miscible liquids since it does not require a solution for the phase interface
between the fluids [8].

Important studies have been performed to improve the comprehension of the
phenomenology of the problem as well as the influence of impellers on power for the tank
and mixture of the flow. For instance, ref. [9] presented numerical simulations to
investigate transient power consumption characteristics in a stirred tank without baffles.
The transient power number was analyzed based on the predicted impeller torque. The
results showed that the power number undergoes four stages: plateau value, sharp falling,
slow falling and stable stages, which are affected by the velocity of the impeller. Li et al.
[10] studied the mixing characteristics in a stirred tank with two six-blade Rushton
turbines. The mixing efficiency was predicted using a scalar transport model that
accounted for the local and global mixing time in the stirred tank. The flow pattern was
affected by changing the tank configurations (e.g., with/without baffles, impeller size and
velocity of the impeller), which also had a significant influence on the mixing process and
overall mixing time. Javed et al. [11] numerically studied turbulent mixing of a passive
scalar in a stirred tank by a six-blade Rushton turbine. The mixture simulation was
performed by injecting an inert tracer at a location on the upper surface of the tank. The
predicted evolution of the tracer concentration over time and mixing times were analyzed
at various points inside the tank. The results showed that the concentration of the tracer
exhibited initial fluctuations that decreased with time and eventually reached a steady
state value that represented the concentration of the fully mixed tracer. Considering that
mixing time is defined as the time required for the concentration variance to reach a
predetermined value, the results indicated that full mixing was achieved between 3.1 s
and 4.8 s. Furthermore, some advances have also been made towards the most
representative phenomenological conditions for turbulent flow. For example, ref. [12]
numerically evaluated the mixing characteristics and the mixing time for a tank with a
Rushton turbine using large eddy simulation (LES) to approach turbulent flow. Recently,
ref. [13] developed a computational fluid dynamics (CFD) code with a Euler-Euler model
to tackle two-phase flow and mixing of liquid and bubbles in a stirred tank reactor. A
sliding mesh approach was also used to simulate the effect of the impeller on fluid flow.
The authors concluded that the fluid dynamic behavior and the mixing of both phases
around the two blades and in the main tube of the reactor were physically plausible.

The influence of the geometric configuration of the impellers has also been
investigated. In this realm, ref. [14] evaluated the position of the impeller from the bottom
of the tank and disc thickness, as well as the influence of the Reynolds number on the flow
field and energy consumption using a Rushton turbine. Gu et al. [15] presented a
numerical simulation of the mixing process in a stirred tank and considered the effects of
impeller speed, type, spacing, blade tilt angle and blade shape. The authors found an
impeller spacing and impeller blade tilt angle most appropriate for the solid-liquid
suspension process. Subsequently, ref. [16] performed a numerical study of the influence
of an impeller with a regular blade and another with fractal blades on power
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consumption, and showed that fractal blades reduced torque compared to regular blades,
since the drag coefficient of the fractal blade was distinctly lower than a regular blade. Till
et al. [3] studied the effect of the number of blades for the impeller and different rotation
speeds on the mixing efficiency and power consumption in a stirred tank. They concluded
that the electrical power requirement for an impeller depended largely on the shape and
the size of the impeller and, of course, the rotational speed. Moreover, an increase in
mixing led to an exponential increase in the required power. Recently, ref. [17] studied the
effect of different kinds of agitators on turbulent flow in stirred tanks, with and without
baffles. The hydrodynamics behavior was induced by four different kinds of agitator: a
Rushton turbine (RT), a circular blade turbine (CBT), a diverging triangular blade turbine
(DTBT) and a converging triangular blade turbine (CTBT).

In spite of the importance of baffles for the mixing of fluids in tanks, this kind of
analysis is still very sparse in the literature. For instance, ref. [18] numerically studied two
agitated tanks with and without baffles, varying the Reynolds number between laminar
and turbulent flow in order to study the influence of these baffles on the power and
pumping numbers. The authors concluded that, until a certain Reynolds number was
achieved, the presence or not of baffles did not have a significant influence on the power.
The magnitude of the power and pumping numbers started to differ in the presence of
baffles when the flow was in transition, and drastically different values occurred in a
totally turbulent flow. Subsequently, ref. [2] studied the influence of the stirred tank shape
(cylindrical and polygonal) with and without baffles (vertical and circular baffles). A
circular baffle has a format similar to a ring placed around the impeller and at a certain
distance from the bottom of the tank. This ring was cut at different angles (20°, 30° and
45°), thus obtaining different size of baffles for each cutting angle. The authors concluded
that the polygonal shape produced results similar to those of the cylindrical tank. In
addition, the results showed that power consumption and vortex size decreased when the
circular baffle was cut at an angle of 20°. For the rectangular baffles, the power
consumption was lower for tanks with only one baffle than two, three or four baffles.

Despite the above mentioned investigations, few studies have investigated the effect
of the geometrical configuration of the baffles on the mixing process and turbulent flow
in stirred tanks, and even fewer have considered the application of constructal design
[19,20]. Constructal design is a method used to apply the physical principle of design to
any finite-sized flow system. Constructal law states that for a finite-sized flow system to
persist, i.e., to live, its design must evolve in such a way as to easily access the internal
currents of the thermodynamic flow system [19,21]. This unifying principle of design has
been applied to predict designs in nature (trees, branches, vascular tissues and animal
design), social organization (flow of goods, people and information and organizational
structures) and engineering problems (renewable energy, fluid mechanics and heat
transfer, heat exchangers, marine and aerodynamical structures and manufacturing
processes) [22,23].

Considering the wide applicability of constructal design, it is expected that this
method can guide the theoretical recommendations for the influence of the design of
rectangular baffles inserted in stirred tanks on mixture performance. More precisely, the
present study has two main purposes. The first is the investigation of strategies for
numerical simulation of mixing in turbulent flows in stirred tanks that reproduces
adequately the fluid dynamic behavior of turbulent flow with the lowest computational
effort. The second is to understand the influence of geometrical configurations on the
mixing of turbulent fluid flow along the domain by means of constructal design, seeking
to maximize mixing. The constructal design method is based on a physical universal
principle (constructal law of design and evolution) for the generation of design in any
finite-sized flow system [18-22]. This method is used to obtain new recommendations on
the influence of design of rectangular baffles on the mixture of turbulent flows in a tank.
To the best of the authors’ knowledge, this kind of investigation has not been previously
performed in the literature. Therefore, the main contributions here are the definition of
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strategies to speed up the results for fluid dynamic behavior, including the prediction of
performance indicators for the mixture, and to obtain new recommendations for the
design of rectangular baffles to improve the mixture of turbulent flows in stirred tanks.

To investigate the mixing inside an agitated tank, a species transport model is used
in which a passive scalar is injected when the flow reaches the steady state, and its distri-
bution is monitored over time. The idea is to conduct the mixture until it equalizes the
concentration differences between the passive scalar and the fluid in neighboring regions
of the mixture. This concentration is calculated from the standard deviation of the mass
fraction of the tracer in the tank volume. The time-averaged conservation equations of
mass and momentum are solved with the finite volume method (FVM); more precisely
with the commercial package FLUENT v.14.5 [24,25]. The isothermal flow is considered
three-dimensional, turbulent and incompressible. For closure of turbulence, the RANS
(Reynolds-averaged Navier-Stokes) standard k-¢ model was employed. A momentum
source model applying a UDF (user defined function) was also implemented in this work
to simulate the influence of the impeller on the fluid in the tank. This model was compared
to a sliding mesh model, also developed in this work, and both were verified and vali-
dated with numerical and experimental data from the literature.

2. Problem Description and Mathematical Modeling

The stirred tank used in this work is a standard cylindrical configuration with di-
mensions given by Figure 1 and Table 1. Figure 1a shows the upper view of the tank, and
Figure 1b is a cut view of section A—A. The height of the tank is equal to its diameter, H =
2R. The working fluid is water at atmospheric pressure with thermophysical properties at
a temperature of T = 293 K. The impeller is a six-bladed Rushton turbine with standard
dimensions (often found in the literature) mounted at a certain height from the tank bot-
tom (C). If geometric similarity is kept, the flow system can be fully described by the Reyn-
olds flow number Rep = pND?/u. For this work, the impeller speed is N = 300 rpm (5 rps),
which is imposed in an anticlockwise direction, p is the water density, u is the dynamic
viscosity and D is the impeller diameter. The simulations were performed here with a
Reynolds number of Rep =47,790.

Baffles \ Section A - A
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Figure 1. Dimensions of the stirred tank with four baffles: (a) upper view (b) view of Section A-A.

Table 1. Dimensions (m) of the tank shown in the Figure 1.

2R H D C W B H
0.296 0.296 2R/3 2R/3 D/4 2R/10 D/5
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The side, top and bottom walls of the tank, as well as the surfaces of the baffles, have
no-slip and impermeability boundary conditions. For all cases, the flow is at rest for the
initial condition.

The turbulent, incompressible, isothermal flows in the three-dimensional domain of
the tank are modeled by the time-averaged conservation equations of mass and momen-
tum, as defined by [26]:

ou 0v oJw
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where i, ¥ and Z are the time-averaged velocities in x, ¥ and z directions, p is the pres-
sure, ¥ is the kinematic viscosity, fis a source term of momentum and 9 is the turbulent
viscosity of the fluid flow, which is given by:

9 =C,— )

where Cu is an ad hoc constant, k is the turbulent kinetic energy and ¢ is the turbulent
kinetic energy dissipation rate. For closure of turbulence, a standard k-¢ model was used
that determines the k and ¢ by the solution of two transport equations [27,28]:

a(pk
90 | k) = v (“—Wk) + Gy — pe + Sp ©6)
at Oy
9
©) | vppe) = v (@ Ve) +2(C106y — Cyope) + S, @)
at o, k

where Gk represents the generation of turbulence kinetic energy due to the mean velocity
gradients, Gic and Gz are constants, ox and o are the turbulent Prandtl numbers for k and
g, respectively, and Sk and S. are source terms.

3. Modeling of Momentum Source Model

For the momentum source model, an equation is compiled into a user defined func-
tion (UDF). The subroutine of UDF is basically written in C programming language, which
can be dynamically loaded with the solver in order to improve the standard features of
the software [24]. In this way, it is possible to define a source term that describes the rota-
tion of the impeller inside the tank without the need to use a sliding mesh. The equations
for the model are defined by [29]:

dF =p-dS-u(u—vy) (8)

where dF is the force exerted by the impeller, dS is the area element on the blade surface
and ve is the tangential velocity.

To account for the drag effect on fluid flow, a friction resistance equation is intro-
duced to calculate the friction force as follows:

1
dfzzp-vrz-Cf-dS )
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where vr is the radial velocity and Csis local resistance coefficient related to Rex, which is
calculated by:

Cr = 0.664 - Rez®5 - Re, < 5 x 10° (10)

C; = 0.0557 - Re;®%+ 5 x 10° < Re, < 1 x 107 (11)

where Rex = pvxx/y, x is the distance between cell center and the center of rotation axis.

3.1. Species Transport Model

For the numerical analysis of flow homogenization, a species transport model (with-
out chemical reactions) implemented in the FLUENT® software was used. In this model,
it is possible to predict the local mass fraction of the species that is being transported
through the solution of a convection-diffusion equation given by [24]:

apY; R N

a_tl + (VoY) = -VJ; (12)
where Yi is the local mass fraction of species i and J; is the diffusion flux of species i. For
turbulent flow, J; is given by:

? Hr
Jo= = (eDim + 1) 70 (13)
where Din is the mass diffusion coefficient for species i in the mixture and Sc: is the tur-

bulent Schmidt number.

3.2. Constructal Design Application to the Problem

As previously mentioned, constructal design is the method used to apply the con-
structal law of design and evolution [19,20]. The method consists of the investigation of
geometry subjected to constraints (global and local), which define the limitations and
search space for the variation in geometry given by the degrees of freedom, and the per-
formance indicators, which are used to define the maximization of the internal currents of
the flow system.

The main steps for the geometric investigation performed here are illustrated in the
flowchart in Figure 2. Steps 1 to 3 consists of the definition of the flow system and perfor-
mance indicators, and steps 4 and 5 define the constraints of the problem, degrees of free-
dom and the main parameters of the physical problem. At the same time, it is necessary
to understand the physical problem and define a method for its solution (numerical in the
present work). After the fifth step, it is important to define whether the problem is opti-
mized or not, as well as the number of cases required to investigate the influence of de-
grees of freedom, constraints and parameters on the performance indicators. It is worth
mentioning that constructal design is not an optimization method, but a method for geo-
metrical investigation based on the principle of constraints and objectives [30,31]. Here,
the method is applied to the geometric investigation of only one degree of freedom (L/B)
on the performance of turbulent flow in stirred tanks due to the high computational effort
required for each simulated case. The last three steps (6 to 8) consist of defining the num-
ber of cases to be studied, performing the numerical simulations for each configuration
and investigating the effect of the degrees of freedom on the performance indicators.
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Step 1: Define precisely the flow system to be studied Thermophysical properties
Turbulent flow in stirred tank with baffles to improve the = Boundary conditions
mixture of the fluid flow System domain

\ 2

Step 2: Identify the flow (what is flowing and its magnitude)
Turbulent water flow inside the domain of the stirred tank

v

Step 3: Identify the meaning of providing easier access (facilitate
the flow) for the physical problem.

Maximize the mixing efficiency and minimize the homogenization time

Experimental or Analytical
* solution
Step 4: Identify the constraints of the problem (areas and volumes)
Total area of the fluid in the tank (A,) and the area occupied by the Mathematical and numerical
baffles (A,) modeling

v y v

Step Sa: Identify the degrees of freedom for changing the geometry Step 5b: Definition of the method
of the system and flow parameters to be evaluated Jfor solution of the physical or
N, L/IB engineering problem to be studied

Step 6a: Define the number of cases (N,) I_Optimi zation method : ;
for geometrical investigation, the \ 4 N, LB
investigated constraints and DOFS.

v

Step 7a: Solution of the physical problem to calculate
performance indicator for each geometric
configuration studied
Numerical solution of mass and momentum for turbulent
flow and species transport to measure the mixture

Step 6b: Choice of an optimization method to find the
best performance and evaluate the effect N

of geometry over flow system performance
Exhaustive search for variation of degrees of freedom (Fig. 4)

v

Step 7b: Define the increment of variation for each
degree of freedom and the number of cases (N,)
for geometrical optimization.

|
|
|
|
|
|
|
|
Step 8b: Solution of the physical problem to calculate I
performance indicator for each geometric |
configuration studied |
Numerical solution of mass and momentum for turbulent
flow and species transport to measure the mixture |
|
|
|
|
|
|
|
|
|
|
|
|

Is the number of
cases (N,) solved?

Return to Step 7a

Step 8a: Calculate the maximum or minimum performance
indicator and investigate the effect of geometry over
performance and geomelric ratios
Calculate the turbulent kinetic energy and the mixing time for
all cases, maximize the turbulent kinetic energy and minimize the
mixing time and investigate the effect of L/B over fluid dynamic
performance of the problem

Is the number of
cases (N,) solved?

Return to Step 8b

Step 9b: Calculate the maximum or minimum performance
indicator and the optimal geometries which allows the
achievement of the best performance
Calculate the turbulent kinetic energy and the mixing time for
all cases, maximize the turbulent kinetic energy and minimize the
mixing time and investigate the effect of /B over fluid dynamic
performance of the problem

Figure 2. Flowchart illustrating the application of the constructal design for geometrical investiga-
tion of the present problem.
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It is considered here that the problem is subject to two area constraints: the total area
in the tank where the baffle can be placed (Ar) and the area occupied by the baffles (4,).
A sketch of the cross-sectional area of the tank and the above-mentioned areas is illus-
trated in Figure 3. The constraint areas are given by Equations (14) and (15) as follows:

AT = AF - AI (14)

where Ar is the total fluid area of the tank and A is the area that can be occupied by the
impeller.

A, =N, L-B (15)
where N, is the amount of baffles, L is the baffle width and B is the baffle length.

Figure 3. Schematic representation of the computational domain with four baffles used in the defi-
nition of the geometrical investigation.

The dimensions L and B are defined considering the constraints of the area occupied
by the baffles. Thus, there is an equation and three variables, and it is necessary to define
two degrees of freedom to solve this problem (N, and L/B) as defined by the following
equations:

1/2
Ar- 0
B= (16)
M.+ (5)
- ()

where @ is the ratio between the areas occupied by the baffles and the total area where
the baffles can be placed, which is given by the following equation:
Aq
0=— 18
i (18)
In addition, the dimensions L and B have a limit to vary, i.e., B can be varied so that
its maximum length does not exceed the area occupied by the impeller. The limit of L is
the maximum width before exceeding the tank wall limits.
Thus, with the degrees of freedom defined, the geometric evaluation takes place by
varying one of them (L/B) and keeping the other fixed (N,). The constraints of the area are
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also fixed. Here, the investigation is limited to N« = 4 for the effect of L/B on the standard
deviation of the mixture inside of the tank domain and the homogenization time, which
can be minimized. Figure 4a shows the tree of simulations performed from the application
of constructal design, Figure 4b illustrates the dimensions of the baffles inserted in the
tank, and Table 2 shows the dimensions of baffles used in each case. It is worth mentioning
that the superior limit for the ratio L/B is restricted to L/B = 1.0 to avoid the construction
of a large part of the baffle out of the stirred tank and violation of the baffle area (A.)
constraint.

L
N, B
0.02
0.03
0.05
N.=4 0.08

0.14
0.29 Smin

1.00 (L)
B/

(a
unbaffled LB=1 L/B =0.29 L/B =0.14

>

L/B = 0.08 L/B =0.05 L/B =0.03 L/B = 0.02
(b)

Figure 4. Scheme for the different configurations studied: (a) flowchart of configurations defined
with constructal design; (b) illustration of the cross sectional area of the tank for the different inves-
tigated cases.

Table 2. Baffles dimensions (m) from the application of the Constructal Design method.

Case1l Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

L/B=1 L[/B=029 L/B=014 L/B=0.08 L[/B=0.05 L/B=0.03 L/B=0.02
L 0.01237  0.00666 0.00463 0.00350 0.00276 0.00214 0.00175
B 0.01237  0.02297 0.03306 0.04374 0.05533 0.07143 0.08749
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4. Numerical Modeling

In this work, two numerical models are used to simulate the mixing tank operation:
sliding mesh and momentum source term. For the momentum source model, the fluid
motion is caused by the imposition of a momentum source, which mimics the impeller in
the region occupied by the blades. For the model with sliding mesh, a constant angular
velocity is imposed on the region that contains the impeller.

The treatment of the advective terms considers a second order upwind, whereas an
implicit formulation of the first order is applied to the transient terms. The coupling pres-
sure-velocity SIMPLE is used. A numerical solution convergence is reached when the re-
siduals achieve the values of 1.0 x 10 for continuity, and 1.0 x 10 for momentum and
turbulence for every time-step. The time step is At = 1.0 x 10-2s, which was recommended
by previous studies in the literature for similar fluid dynamic conditions [3,10,11,14].

Both numerical models were simulated by a computer with an architecture of x86_64,
Intel Core i7-5930k, CPU 3.50 GHz with 12 CPUs. Thus, the computational time required
to simulate 3.5 s was 240 h for the sliding mesh model and 5 h for the momentum source
model. Therefore, the momentum source model requires about 2% of the computational
effort required by the sliding mesh model. This is a great advantage, mainly for the geo-
metric investigation purposes. Therefore, if the computational model produces results in
agreement with the literature, it can be used to provide new design recommendations for
the mixture processes in stirred tanks.

4.1. Sliding Mesh Model

In the sliding mesh model, shown in Figure 5, the computational domain of the tank
is divided into two regions that are treated separately: the region of the impeller, and the
region of the tank which includes flow, the surrounding walls and the baffles. The mesh
region, which contains the impeller, rotates with constant velocity while the other region
(computational domain) is fixed. This method, in general, is able to predict flow evolution
over time, but it has a high computational cost. The mesh with an independent solution
for this model (following recommendations from the literature [11,29]) has 586,483 cells,
which can be seen in Figure 6.

top wall top wall
spacified shear| |specified shear

baffle wall baffle wall
no slip no slip
EL B
= =
g g
D shaft =
= . . =
g Imoving wall £
g =]

cilindrical rotate
interface

bottom wall - no slip

(a) (b)

Figure 5. Computational domain scheme of the sliding mesh model. (a) Side view of the tank. (b)
Top view of the tank.
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Figure 6. Mesh for the sliding mesh model. (a) Top view of the tank. (b) Side view of the tank. (c)
Top view of the impeller. (d) Side view of the impeller.

4.2. Momentum Source Model

For the momentum source model, illustrated in Figure 7, the impeller is replaced by
a disc. In the disc region, a source term, represented by Equations (8)-(11), is imposed on
the momentum equation to mimic impeller rotation. Since the mesh is completely fixed in
this model, i.e., without regions with imposed rotation, the computational cost is signifi-
cantly lower than that required for a rotation region. It is also possible to further reduce
the computational cost by considering it as a symmetry condition problem so that it can
be simulated with just a quarter of the computational domain.
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top wall
top wall specified shear
specified shear
- baffle wall
shaft il no slip
moving wall baffle wall
no sli
‘H‘“ - shaft
baffle wall moving wall
no slip
surface
mm’iﬂg wall surface
s 4 moving wall

impeller —
volume
bottom wall
| | no Sllp bottom wall
no slip
(a) (b)
o
"
=
o
2
)
=
o
=
=4
N
) \

Periodic interface
(©)

Figure 7. Computational domain scheme for the momentum source model. (a) View of the two cut
interfaces 90°, (b) side interface cut 90° and (c) top view.

Grid Independence Study

One of the most important steps in numerical simulation is the achievement of an
independent mesh. The great challenge is to find a mesh sufficiently refined so that the
results generated are in good agreement with experimental or other numerical results
without a high computational cost. In general, there is a moment where the numerical
results are practically unchanged when compared to a previous mesh (that was coarser).
Thus, the coarser mesh solves the problem with a relatively low error and with much less
computational effort [32]. It is worth mentioning that, for both models, the near wall re-
gion is modeled considering a scalable wall function and the maximum wall plus is y* <
30.0.

Recently, a statistical method was defined for quantifying the influence of grid dis-
cretization on numerical problems that has been considered highly effective for quantify-
ing how close any solution for the investigated mesh is to the independent region [32,33].
This technique is named the grid convergence index (GCI) and it has been successfully
used in recent studies to predict suitable meshes for numerical studies [34]. A total of five
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steps are required to apply this method, and all calculation criteria are defined by the
norm ASME V&V [32]:

Step 1: Define a representative cell, mesh or grid size, h.

Step 2: Select three significantly different sets of grid resolutions and run simulations
to determine the values of key variables important (¢) to the objective of the simulation
study. It is desirable that the grid refinement factor (r = h¢ygrse/hrine) should be greater
than 1.3.

Step 3: Let hy < h, < h; and 1, = hy/hy, 13, = h3/h, and calculate the apparent
order, p, of the method by:

1
p =[] Onlrse = vasl + 4] (19)
h—S
a@) =1n (@; - S) (20)
S =1"sign(ys2/v21) (21)

where sign is a function that returns 1 if the value is positive, -1 if the value is negative
or Oif avalueisOQ, y3, = @3 — @3, V21 = @, — @, and @, denotes the simulation value of
the variable on the kth grid. Note that g(p) = 0 for r = constant. This set of three equa-
tions can be solved using fixed point iteration with the initial guess equal to the first term
(i.e., g =0).

A minimum of four grids are required to demonstrate that the observed order p is
constant for a simulation series.

Step 4: Calculate the extrapolated values from the equation:

0L = (7’2101‘1’1 - 902)/(7’2101 -1 (22)

Step 5: Calculate and report the following error estimates along with the observed
order of the method p. Approximate relative error may be cast as a dimensionless form or
in dimensioned form respectively given by:

P1— P2
et = |—— 23
a o (23)
' = o1 — @al (24)

The fine grid convergence index is calculated as follows:
Fs-e2t

2 _ a

GClfne = P 1 (25)

where Fs = 1.25 is the factor of safety.

For the present study, the application of the GCI method is presented in Table 3. The
magnitude of GCI between meshes 1 and 2 was below 1.0% and the asymptotic range of
convergence was around 1.0, which, according to literature [32,33], indicates the mesh is
in the independent region.

Table 3. Results of the application of the GCI method.

Mesh 1 Mesh 2 Mesh 3 T3, Ty p GCI %
5,484,258 cells 1,878,417 cells 610,767 cells 145 142 2.82 0.1027

In order to investigate the influence of the grid on the local conditions of fluid flow,
Figure 8a,b show the mean radial and tangential velocity profiles, respectively, obtained
in the impeller region (z = 0.08 m) with the three different grids employed here, i.e., the
velocity in two different directions of the domain for a specific placement of the domain.
The results are calculated when the fluid flow reaches the steady state. Then, the last time
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interval of ¢ = 1.5 s is used to obtain the mean velocity profiles. The solution takes into
account initiation values of 0.01 m?/s? and 0.001 m?/s? for turbulence kinetic energy and
dissipation rate, respectively. Moreover, Figure 9 shows the fields of turbulent kinetic en-
ergy in a vertical plane (r-z) for the baffle region predicted with the three investigated
meshes comprising 610,767 cells (Figure 9a), 1,878,417 cells (Figure 9b) and 5,484,258 cells
(Figure 9c). The results in Figures 8 and 9 show that there are no significant local differ-
ences when Mesh 1 and Mesh 2 are compared. However, some localized differences in the
velocity profiles, mainly for the tangential one, and for the fields of turbulent kinetic en-
ergy were noticed for the coarser mesh. As a consequence, the mesh with 1,878,417 ele-
ments was chosen since it had fewer deviations than the coarse mesh (Mesh 3) and re-
quired a lower computational effort than Mesh 1. The independent mesh used here can
be seen in the Figure 10.

0.12

T T 012 T T T

T
Mesh 1 (5,484,258 cells) 7=008m Mesh 1 (5,484,258 cells) [2=008m]
Mesh 2 (1,878,417 cells) Mesh 2 (1,878,417 cells) 1
Mesh 3 (610,767 cells) Mesh 3 (610,767 cells)
0.09 0.09 - -
}f 0.06 4 E% 0.06
> N
0.03 ] 0.03 4
0.00 . T . T : T . T T 0.00 T : T .
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 08 0.8 1.0
R R
(a) (b)

Figure 8. Results of mean velocity profiles obtained with the present code at z = 0.08 m for three
different grids: (a) radial velocity, (b) tangential velocity.

k (m?/s?)

. 1.90 x 107!

1.42 x 107!

< 102 (a) b
g 949 x 10 a (b)

4.76 x 102

3.63 x 10 =

(c)

Figure 9. Turbulent kinetic energy fields obtained for three different mesh refinements: (a) 610,767
cells, (b) 1,878,417 cells, (c) 5,484,258 cells.
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(b)

Figure 10. Independent mesh chosen from the GCI method. (a) Side view of the tank. (b) Top view
of the tank.

4.3. Species Transport Model

The species transport model, included in the FLUENT® software package, allows the
user to predict the distribution of a local mass fraction, for one or more species, with or
without chemical reactions, to be added to the system [24]. Therefore, a tracer was added
in the flow without affecting its fluid dynamic behavior. On the other hand, the tracer is
affected by the flow and spread in the tank. Thus, the analysis of the species dispersion is
given by the mass fraction variance.

5. Results and Discussion
5.1. Development and Validation of the Numerical Models

In the first step, validation was performed with both models. However, for geomet-
rical investigation cases, the momentum source model was solely used. The main differ-
ence between the two models lies with the fact that simulations with sliding mesh require
a longer processing time than the imposed momentum source model. One reason for this
difference is related to the moving interface between the sliding and fixed region. Moreo-
ver, it is necessary to simulate the whole computational domain. In contrast, the momen-
tum source model allows the mesh to be well refined since the domain can be simulated
by one quarter of the tank and the geometry is simpler than the sliding mesh model.
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The velocity fields obtained were compared with the numerical and experimental
solutions presented by [10]. For this comparison, the velocity was normalized with Vip =
DN =1.54 m/s.

In Figures 11-14, the time-averaged profiles for radial, tangential and axial velocities,
and turbulence kinetic energy, respectively, are shown as a function of the radial coordi-
nate for different heights of the tank. In general, the results obtained with the developed
models presented similar behavior with the experimental and numerical results predicted
by Javed et al. [11].
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Figure 11. Results for radial velocity profiles obtained with the present code and those predicted by

Javed et al. [11].

04

R

06

08

04

R

06

08



17 of 27

Appl. Sci. 2022, 12, 4827
03 : ; . 03 . - T T
m  Experimental (Javed et. al, 2006) 2=005m
--¥ - Numerical (Javed et.al, 2006)
Momentum Source Model
- - - Sliding Mesh Model z=002m 0 1 esssseeeesao
RC T
NV -y =
o 00+ my---y-a-y”
5
>
-03 ¥ T T T T T T T -03 T T
00 02 04 06 08 1.0 00 02 04 06 08
R R
03 . .
29
>
-03 . . .
02 04 06 08 10

00

Figure 12. Results for tangential velocity profiles obtained with the present code and those predicted

by Javed et al. [11].

R

03

03 T T T T
z=0.02m
L
[ A LA B e S iy -
\) T
£ 00+
2
>
= Experimental (Javed et. al, 2006)
--v - Numerical (Javed et.al, 2006)
—— Momentum Source Model
- - - Sliding Mesh Model
-03 v T v - - - -
00 02 04 06 08 1.0
R
03 . . . 03
z=0.08m
23
S

R

R

02
R



Appl. Sci. 2022, 12, 4827

18 of 27

03

z=01776m

ip

vV

/R

R

tp

v Iv
Z

R

Figure 13. Results for axial velocity profiles obtained with the present code and those predicted by

Javed et al. [11].

0.06

= Experimental (Javed et. al, 2006)
--v - Numerical (Javed et.al, 2006)
Momentum Source Model
- - - Sliding Mesh Model

z=0.02m

0.06

z=008m

*~, 0.03 4

Ki(v,

0.06 r ; : l
z=005m
o
>~ 0.03 |
2
Y
4
L]
. '/' .
) x
' L] " . N ‘
P4
N T T -y o T - A
v "m‘u‘ Sy '_V/_\(
0.00 . . , I
0.0 02 04 06 o 5
R
0.06 . . . I
z=0.148m
%~ 0,03 ]
>
} -
vy
v
v
. JUPREE > A
L - gy ey -y =~V V-¥ -V VT
0.00 . . I

T
0.0 02 04 06
R



Appl. Sci. 2022, 12, 4827

19 of 27

0.06 . - - - - - T v 0.06 T T T T

z=01776m z=0.2368m

o~

"R R

Figure 14. Results for turbulence kinetic energy profiles obtained with the present code and those
predicted by Javed et al. [11].

There is a difference in agreement between the sliding mesh model and the momen-
tum source model compared to the data presented in the literature. The momentum
source model was able to more efficiently predict velocity and turbulence kinetic energy
profiles. One possible reason for the deviations found for the sliding mesh model concerns
the difficulty of generating refined meshes, which is more complicated for the sliding
mesh since the entire domain is simulated and the physical surfaces of the impeller must
be built in the domain. In this sense, the computational cost for a more refined mesh in
sliding model would be much higher, which would become prohibitive for future geo-
metrical investigation. The results also demonstrate that the momentum source model
presented a good agreement with the numerical and experimental solutions reported in
the literature. Therefore, the model is considered valid.

Once the momentum source model was able to reproduce with some efficiency the
flow in the tank at a much lower computational cost, it was used to test different geomet-
rical configurations in the present work.

Figure 15a shows the velocity magnitude field in the vertical plane (between the baf-
fles), and Figure 15b depicts the horizontal plane (at impeller height). The flow behavior
shown in Figure 15a is similar to the literature [29], showing the formation of two vortices
when the fluid reaches the region of the tank wall. Part of the fluid goes to the top of the
tank, forming a vortex above the impeller, and the other part of the fluid goes to the bot-
tom of the tank, forming another vortex below the impeller. Afterwards, the fluid tends
to return to the impeller region to repeat this behavior.

(a) (b)

Figure 15. Velocity magnitude field. (a) Side view of the tank. (b) Top view of the tank.
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5.2. Influence of Different Geometric Configurations on the Fluid Dynamic Behavior and Mix-
ture Time

In order to explore the developed model, some new theoretical recommendations
were proposed for the influence of the dimensions of the baffles after applying constructal
design [19,30]. The studied cases have the same dimensions for the tank previously shown
in Figures 1 and 3. The only difference here is the shape of the baffles. The degree of free-
dom N, (number of baffles) remains fixed (Na = 4), while the degree of freedom L/B (cor-
responding to the size of the baffles) varies. Thus, seven different dimensions for the baf-
fles were studied in addition to the unbaffled tank shown in Figure 4.

To evaluate the influence of the baffles on the flow, the average magnitude of the
kinetic energy of turbulence in the system was investigated. It is considered that higher
magnitudes of kinetic energy of turbulence represent configurations with more influence
on fluid flow and the mixture process. From the results presented in Table 4 and Figure
16, it is clear that there is considerable variation in the flow when the geometry of the
baffles is modified.

Table 4. Average magnitudes for the kinetic energy of turbulence in the system.

L/B
Unbaffled 1 0.29 0.14 0.08 0.05 0.03 0.02
k (m?/s?) 0.041 0.028 0.021 0.018 0.017  0.020 0.023 0.026

1 —

0.035 | . , . -

0.030 4 | . - .

k (m%s?)

0.025

0.020

oot5 4—s———r-y——t1
00 0.2 04 06 08 10 12

L/B

Figure 16. Effect of the ratio L/B on turbulence kinetic energy.

Based on the results presented in Table 4 and in Figures 16 and 17, it can be seen that
the average turbulence kinetic energy is the highest for the unbaffled tank, and as the L/B
ratio decreases, this average also decreases. This decrease occurs until L/B = 0.08, then the
average turbulence kinetic energy starts to increase, i.e., the case where L/B =0.08 presents
the lowest value for the turbulence kinetic energy. It is worth mentioning that, in spite of
high amounts of turbulence kinetic energy, the unbaffled tank and the lowest ratio of L/B
presented obvious dead spot regions. For the unbaffled tank, they were at the periphery,
whereas they were behind the baffles when L/B = 0.02. This behavior can impair the mix-
ture in the whole domain. Figure 18 shows the fields of turbulent viscosity for the same
configurations presented in Figure 17. The results for turbulent viscosity corroborate the
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findings for turbulence kinetic energy, such that poor distribution of the turbulent viscos-
ity occurred at the periphery of the unbaffled tank even though the highest magnitudes
occurred in the central region. Moreover, the most distributed fields associated with high
magnitudes of turbulent viscosity were noticed for the case when L/B = 1.0, while at the
lowest value for L/B, large dead spots were caused by the intrusion of the baffles.

unbaffled L/B=0.14

L/B=0.03 L/B=0.02

Figure 17. Distribution of the fields of turbulence kinetic energy in the baffled tank for different
ratios of L/B compared to the unbaffled tank.
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1.89 x 10°
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6.50 x 101
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0
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Figure 18. Distribution of the fields of turbulence viscosity in the baffled tank for different ratios of
L/B compared to the unbaffled tank.

To evaluate the influence of the baffles on the mixture time, numerical simulations
were performed using the species transport model. A tracer with the same fluid-dynamic
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properties as the main fluid was inserted into the flow, as shown the Figure 19, and the
standard deviation for the mass fraction of the tracer as a function of time was monitored
in the tank domain.

Figure 19. [llustration of the introduction of the tracer in the flow after achievement of the steady
state.

Table 5 presents the maximum values for the tracer mass fraction as a function of
time in the tank domain. The relative difference for the tracer mass fraction at each instant
of time was calculated in order to obtain the instant at which the mass fraction changes
were no longer relevant. Thus, when the values for the tracer mass fraction from one time
step to the next showed a relative difference smaller than 5%, the variation was considered
no longer relevant, and the tracer had achieved an equilibrium in the system.

Table 5. Maximum tracer mass fraction as a function of time in the tank domain.

Time (s) Relative Difference (%)
Unbaffled 5.0 4.82
L/B=1.00 45 3.61
L/B=0.29 4.5 1.18
L/B=0.14 4.0 3.12
L/B=0.08 4.5 3.01
L/B=0.05 6.5 4.02
L/B=0.03 5.0 3.95
L/B=0.02 4.0 4.60

As shown in Table 5, the case that required the longest time, 6.5 s, to reach equilib-
rium in the system was when L/B = 0.05. The fastest time, 4.0 s, occurred when L/B = 0.14
and L/B = 0.02. Thus, all simulations modeling the behavior of the tracer in the system
flow were run for a maximum time of ¢t = 7.0 s. The result with the smallest standard de-
viation in the system was considered to represent the best mixture, as shown in Figure 20.
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Figure 20. Standard deviation of the tracer mass fraction as a function of time for the different stud-
ied configurations.

It was observed that all cases initially had similarly large magnitudes for the standard
deviation, since the tracer mass fraction kept changing as the system was being homoge-
nized. For those cases that achieved equilibrium more quickly (L/B = 0.02 and L/B = 0.14),
it was noted that the smallest standard deviation and consequently the best homogeniza-
tion occurred when L/B = 0.14 (the baffles were shorter than the case with L/B = 0.02).
However, the case that presented the smallest standard deviation of all was when L/B =
1.0, which only required 0.5 s longer for homogenization than those mentioned above. In
this case, the baffles had the shortest length; moreover, performance was nearly two times
better than the unbaffled configuration when minimization of standard deviation was
used as the performance indicator. The largest standard deviation was seen in the case
without baffles, and it required 5.0 s to reach equilibrium. Comparing the case without a
baffle with the case where L/B = 1.0, it is easy to notice the influence of the baffles on the
system, which changed the flow behavior as the length of the baffles increased towards
the center of the tank. In Figure 21, the distribution of the tracer in the tank volume at ¢ =
7.0 s is shown for all cases (L/B ratios).

Although the case without baffles had the largest turbulence kinetic energy, this ki-
netic energy had the highest concentration in the region closest to the impeller without
being distributed to the rest of the tank, so the standard deviation for this case was also
the highest. For the case when L/B = 1.0, the presence of baffles assisted in the distribution
of turbulence kinetic energy in the tank domain, increasing the homogenization capacity
of the system and producing the smallest value for the tracer standard deviation. As the
baffles grow in length in the tank domain (until they reach L/B = 0.08), the turbulence
kinetic energy decreases, and homogenization of the system is more difficult due to the
generation of large regions of stagnation in the tank domain. In contrast, from L/B = 0.05
to L/B=0.02, the turbulence kinetic energy begins to increase. However, this increase does
not assist in homogenization of the system since the baffles are unable to distribute the
turbulence kinetic energy and high concentrations develop close to the impeller. This be-
havior occurs because the baffles have become so long that the flow behaves as if it were
in a tank without baffles but with a smaller radius (from the center to the tip of each baffle).
Thus, from the analysis carried out, it can be concluded that the case with the best effi-
ciency in terms of time and homogenization of the system was when L/B = 1.0. Figure 22
shows the evolution over time of tracer distribution for the case where L/B = 1.0.
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LB = 0.08 L/B = 0.05 L/B =0.03 L/B = 0.02

Figure 21. Distribution of the tracer in the tank volume at ¢ =7.0 s for all cases.

t=4s t=5s t=6s t=7s

Figure 22. Evolution over time of the tracer distribution in the case where L/B =1.0.

It is worth mentioning that the optimal case is the one that equilibrates the distribu-
tion of dead spots in the tank domain. In comparison with the unbaffled case, the optimal
configuration prevents the concentration of dead spots in the peripheral region of the
tank; and in comparison with the other extreme (L/B = 0.02), it does not generate large
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regions of dead spots behind the baffles. Therefore, the results are in agreement with the
constructal principle of “optimal distribution of imperfections”.

6. Conclusions

The present numerical work presents the development of strategies for numerical
simulation of turbulent flows in stirred tanks with the lowest computational effort possi-
ble. A computational model based on a momentum source imposed by a UDF was com-
pared with another model based on the use of a sliding mesh, which required a much
greater computational effort. The momentum source model allowed the geometric con-
figuration of rectangular baffles to be investigated by means of the constructal design
method with the goal of obtaining new recommendations on the effects of the configura-
tion of the baffles on the mixture and mixing time for flows into a stirred tank. The influ-
ence of the geometric configuration of the baffles on turbulence kinetic energy and distri-
bution of a tracer in the tank domain were also considered.

The momentum source model is recommended for future investigations of geometric
configurations of baffles in stirred tanks since it generated results for velocity fields simi-
lar to those previously predicted experimentally and numerically in the literature [11,29]
and those obtained with a sliding mesh with a computational cost of only 2% of that re-
quired by the sliding mesh model. In addition, the momentum source model provides
advantages in relation to its ability to generate a simpler computational domain, of being
able to simulate a partial domain and providing greater mesh refinement with less com-
putational effort.

For the study of the mixture homogenization in the tank, a species transport model
without chemical reactions was used. The results indicated that the case without baffles
produced the highest turbulence kinetic energy. However, the unbaffled case produced a
mixture that was poorly distributed along the tank domain.

The results also demonstrated the importance of geometrical investigation for this
kind of problem and the applicability of the constructal design method. The best perfor-
mance related to the mixture of fluid flow along the domain was obtained for the case
(L/B)o = 1.0, which provided a mixture performance (given by the standard deviation of
mixture in the domain) that was two times better than the unbaffled case. The optimal
configuration was the one that best equilibrated the distribution of dead spots of turbulent
flow in the domain, and this behavior is in agreement with the constructal principle of
“optimal distribution of imperfections”.

In the future, other flow conditions will be investigated (since the Reynolds number
was imposed for the current problem), the number of baffles will be varied (N.=2, 6 and
8) and other geometrical configurations for the baffles (circular and ellipsoidal) will be
explored.
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