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Simulating Stirred Tank Reactor
Characteristics with a Lattice Boltzmann
CFD Code

Although mixing in stirred tanks is common in the chemical and process industry,
it is complex and not fully understood. In recent years, computational fluid
dynamics (CFD) simulations with large eddy simulation turbulence models have
become an important modeling tool. In this study, its current state for applicabil-
ity to stirred tanks was evaluated. First, the power characteristics of different
impellers were simulated and compared with experimental data. Second, Rushton
and pitched blade turbines were validated in terms of the local velocity compo-
nents, dissipation rates, and the trailing vortex. Finally, mixing times for different
viscosity ratios were obtained from the CFD results and compared with a litera-
ture study. Hydrodynamics can be well predicted. However, mixing times for vis-
cosity ratios larger than 1:100 are error-prone.
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1 Introduction

User-friendly, fast, and reliable prediction of fluid dynamic
behavior and mixing times for stirred tanks is of high industrial
relevance, in particular for scale-up. Considering the high prev-
alence of agitated tanks as chemical reactors and fermenters,
optimization of reaction conditions and reliable scale-up are
crucial [1]. Given the wide availability of relatively inexpensive
computational resources, it was natural to use experimental
validation data from small-scale experiments and perform
computational fluid dynamics (CFD) simulations for scale-up,
or even skip the validation step if best practices and validations
for relevant phenomena can be found in the literature. Until
today, however, CFD has mainly been a tool for experienced
users, especially in the case of more complex physical contexts
such as multiphase flows [2]. Fast and efficient application of
classical CFD codes requires practice in meshing and a good
understanding of the available models, including their limita-
tions. There has been progress in experimental characterization
of flow fields and mixing [3-5] and mixing time measurements
in stirred tanks, with which corresponding correlations have
been developed [6,7], even considering advanced methods for
CFD [8]. In addition, difficult phenomena such as turbulence
are becoming better understood [9-11].

A typically used CFD approach is the finite volume method
(FVM) [12], which discretizes the computational domain into
a finite number of cells, in which the Navier-Stokes equations
are solved. With increasing complexity (but realism) of the
problem, such as blending of fluids with significantly different
fluid properties, the fast approach of using FVM in combina-
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tion with Reynolds-averaged Navier-Stokes (RANS) turbulence
models to compute a steady-state flow field and run scalar
transport on the frozen flow field and similar logics are becom-
ing inaccurate [13]. Viscosity and density differences in addi-
tives and bulk flow or transient flow field due to rotor-stator
interaction should be included in the model but increase com-
putation time significantly. Large eddy simulations (LES) could
be used instead to simulate the turbulent flow field via low-pass
filtering of the Navier-Stokes equations [14]. However, in the
framework of FVM, LES is computationally expensive. There-
fore, this current work aims to evaluate a different modeling
approach for such problems in stirred tanks.

As an alternative approach, the lattice Boltzmann method
(LBM) has been found in academia for years [15-17] with
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applications ranging from single-phase advection-diffusion
problems to multiphase flows and fluid-structure interactions
[18]. Examples of more prominent general-purpose LBM codes
are Ludwig [19], ESPResSo [20], Palabos [21], and OpenLB
[22], to name only a few. Some commercial codes, such as
SIMULIA PowerFLOW and ProLB, allowed application to
aeroacoustics [23,24] and atmospheric flow problems [25].

Claimed advantages of commercial LBM codes compared
to FVM codes are simple to no meshing, computational
robustness, minimal numerical diffusion, and good paralleli-
zation performance. Application to stirred tanks was demon-
strated in pioneering work in the early 2000s [26,27], but
the use of in-house codes or specialized commercial codes
did not lead to a wider use of LBM for stirred tanks, let
alone in industrial application. The development of a versa-
tile commercial LBM code (M-Star CFD by M-Star Simula-
tions, LLC) and availability of cheap graphics processing
units (GPUs), which are particularly well suited for LBM,
allow a technological jump towards the aim of cheap compu-
tation of advanced physics for stirred tanks even on desktop
computers [28].

The aim of this work was to evaluate resolution effects and
validate velocity and turbulence fields in several single-phase
stirred tank setups against measurement data from the open
literature. Hence, the focus is on two agitator types: pitched-
blade and Rushton turbines, for which experimental data from
various publications were utilized for comparison [11, 29, 30].

On the basis of this foundation, mixing time simulations
using LES were evaluated and checked against published
experimental data [7]. Mixing behavior in cases with differ-
ent physical properties of additive and bulk fluid was also
simulated using LBM, and also larger viscosity ratios were
studied to understand the limitations of the currently avail-
able method.

2 Materials and Methods

2.1 Theoretical background
2.1.1 Lattice-Boltzmann Method

By employing the LBM, a numerical approach that involves the
discretization of the Boltzmann equation, complex fluid flows
can be simulated and studied with high accuracy and computa-
tional efficiency. At the mesoscopic level, the dynamics of a flu-
id can be described by the Boltzmann equation [Eq. (1)]:

of . of Fpof
E-i-gﬁa?ﬂ-i';a?ﬁ*g(f) oy
In this context, the first two terms signify the distribution
function of particles in motion with velocity SB, while the third
term elucidates the influence of a force on the velocity [18].
The term Q(f) defines the collision operator, which character-
izes the local redistribution from the particle distribution
function f due to collisions. By discretizing the Boltzmann
equation [Eq.(1)] with respect to the discrete velocities
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d = (aix, iy, a,»z), physical space, and time, the lattice Boltz-
mann equation is derived [Eq. (2)]:

LGE+ @At + At) =fi(X, 1) + (%, 1) ()

In the three-dimensional scenario of a D3Q15 system, a total
of 15 velocities are achieved, covering all possible directions.
For this purpose, the computational domain is partitioned into
a regular grid in which each grid point in three-dimensional
space has exactly 14 neighboring grid points. The generation of
a regular grid, which does not adapt to the three-dimensional
geometry, is considerably faster than the complex mesh genera-
tion required by the FVM. The presence of 15 velocities
accounts for the possibility of stationary states, effectively rep-
resenting the central grid point itself. Within each velocity set,
a constant velocity ¢ is present, which defines the fundamental
connection between pressure p and density p [Eq. (3)]:

p=p-< 3)

The Chapman-Enskog development establishes the link
between the lattice Boltzmann equation and the Navier-Stokes
equation. This development provides transport coefficients,
such as thermal conductivity and viscosity, as molecular
parameters, representing a significant advancement towards
the continuum conservation equations. The fluid’s kinematic
viscosity v is computed by using the relaxation time 7 [Eq. (4)]:

v:ai(rf%> )

The value of 7 is critical in determining the rate at which the
fluid approaches equilibrium, as it is directly associated with
the fluid’s viscosity.

2.1.2 Turbulence Modeling

Turbulence is effectively handled in this study by employing
LES along with the Smagorinsky-Lilly sub-grid closure model
[31]. LES enables the three-dimensional and transient resolu-
tion of the Navier-Stokes equations on a large scale, while
approximations and models are exclusively utilized for small-
scale motions. Consequently, the coarse eddies are transiently
simulated through decomposition of the velocity field into a fil-
tered component and a sub-grid component [32].

2.1.3 Free Surface

The modeling of the free surface phenomenon in the stirred
tank employs the volume of fluid (VoF) method, a numerical
technique specifically designed for tracking and determining
the shape of the liquid surface [33]. The VoF method is imple-
mented by using a scalar function, i.e., the fraction function «,
which describes the volume of each lattice cell. By tracking the
volume fraction of each fluid in every lattice cell, the & value is
assigned between 0 and 1, representing the volume fraction of
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the two different phases. The relationship between the variable
a and the velocity field # is given by Eq. (5):

Z—?—O—ﬁ-Va:O (5)

The physical properties such as density and viscosity are
deduced from the distribution of the phases, with the values
being averaged in cells containing both fluids. These derived
properties are then utilized to compute a new velocity field
using the Navier-Stokes equations.

2.1.3 Modeling of Rotation

For the modeling of the moving object, specifically the stirrer
in this case, the immersed boundary method was employed. In
this approach, the stirrer is represented as a cloud of Lagran-
gian points with arbitrary positions that can evolve over time.
This is a departure from the lattice positions of the fluid flow
field, which remain fixed. The coupling between the fluid lat-
tice and the Lagrangian point cloud is achieved through the
application of Newton’s second law. To facilitate this coupling,
the force exerted on each lattice point surrounding an im-
mersed boundary point is calculated and subsequently applied.
This ensures that the fluid velocity at each lattice point matches
the velocity of the corresponding immersed boundary point.

2.2 LBM CFD code

The commercial CFD code M-Star CFD (version 3.7.24) devel-
oped by M-Star Simulations, LLC was utilized to solve the tran-
sient Navier-Stokes equations. The complete discretized LB
equation can be separated into two distinct steps: collision and
streaming. The collision step, represented by Eq. (6), involves
the calculation of mass and momentum conversion, whereby
fi describes the distribution after the collision.

&0 =f650 - 2 (0~ £9(3.0) ©

The collision process involves a straightforward algebraic
function used to compute the density p and the macroscopic
velocity #. These values are then utilized to determine the equi-
librium distribution f? and the distribution after the collision
£ [Eq. (7 )]. Subsequently, the updated distribution f;* is trans-
mitted to neighboring points in the streaming step.

fi(Z+ @At t+ At) = £ (X, 1) (7)

Once both collision and streaming steps are completed, a
time step has passed, and the entire process is repeated. The
Courant-Friedrichs-Lewy condition is employed as a crucial
stability criterion. It is utilized with the calculated Courant
number Co [Eq. (8)]:

Jii|A

C
© Ax

8)
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In this context, the physical velocity of the fluid i is com-
pared to both the time step At and the grid point spacing Ax.
When the Co exceeds 1, the physical solution is unable to prop-
agate rapidly enough, potentially resulting in a loss of informa-
tion or an unstable simulation.

The simulations of this study were conducted with an
NVIDIA RTX A4000 GPU with 16 GB of RAM and a total of
6144 CUDA cores based on the NVIDIA Ampere architecture.
These CUDA cores were employed for parallel processing of
the simulations.

2.3 Numerical Setup

Several different reactor dimensions and impeller types were

studied to replicate experiments from the open literature:

- Zlokarnik [29] for the study of power characteristics.

- Wu and Patterson [11] for lattice resolution study and veloc-
ity field of a Rushton turbine (RT)-equipped stirred tank.

- Murthy and Joshi [30] for velocity field validation of a
pitched-blade turbine (PBT)-equipped stirred tank.

- Mixing time in PBT-equipped stirred tanks [7].

For specific geometric dimensions of the stirred tanks, see
the Supporting Information. Tab. S1 lists the relevant data for
the power characteristics, and Tab. S2 contains data for velocity
field and mixing time simulations. Additionally, a lattice point
study was conducted to verify the discretization. The grid sizes
used and the results of this study are also documented in the
Supporting Information.

2.4 Data Analysis

All simulations were conducted in a transient manner, with a
lead time of 5 selected to achieve a fully developed flow field
in the tanks. Subsequently, data for an additional 15 s were col-
lected for the simulation of the velocity field and the power
number, and then averaged to obtain the solution for the qua-
si-stationary flow field. To evaluate the mixing time, a lead time
of 5s was selected, based on the rationale mentioned earlier.
Subsequently, the second fluid was introduced and monitored
by using three distinct probes (see literature references for
details Jones and Ozcan-Taskin [7]). Further information can
be found in Sect. S2. To determine the mixing time of the entire
tank, the logarithm of the root mean square (RMS) variance
was calculated using data from all probes [Eq. (9)].

1
logoays = log{g (1 — 1)2 + (ee2 — 1)2 + (e — 1)2}
)

The normalized probe output ¢,; was obtained by dividing
the probe output over time by the final concentration [7,34].
In this study, the attainment of mixing time was defined as
reaching 95% uniformity. The desired mixing quality is
achieved when the RMS value reaches log [(-0.05)*] = -2.6 for
the last time [35].
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3  Results and Discussion
3.1 Power Characteristics

In an initial validation step, the well-documented power char-
acteristics of selected impellers were compared between simula-
tions and experimental data. The power characteristics of dif-
ferent impeller types are shown in Fig. 1. The Power number
Po is determined over a wide range of Reynolds numbers Re,
covering the laminar, transition, and turbulent flow regimes
[Eq. (10)]:

P

Po = p—N3D5

(10)

with the power on the impeller P, the fluid density p, the impel-
ler speed N, and the impeller diameter D. The power was calcu-
lated by using the torque M (on the rotating boundaries) and N
[Eq. (11)]:

P=27-M-N (1)
The Reynolds number Re is defined as Eq. (12):

_ pND?
u

Re (12)

where y is the dynamic viscosity of the fluid.

For the RT, the simulation results of the laminar and turbu-
lent regimes predict the experimental results with high accu-
racy. For the transition range (100 < Re < 10000), a slight over-
prediction by the simulation can be observed. For the RT,
extensive simulations spanned all relevant Reynolds numbers,
with fewer simulations for other impeller types, focusing on
select flow regimes. The power numbers for the crossbar and
anchor impellers closely match experimental values, with the
helical ribbon impeller showing deviations (-25 and 13 %).
Overall, it is shown that this LB CFD code can be applied to
predict the power number in all industrially relevant flow re-
gimes with only minor deviations from the experimental data.

T LI 1 1 11 s A1 R
103 F i I 1
E laminar , transition | turbulent
r \ ) ]
L \ \ i
L 1 | N
1 |
| 1
10% £ , . .
E ! ' E
- | | i
L 1 l i
o L ! ! i
[a¥ | |
10! b . : E
F I E
r ) ]
r - ]
L : : i
L , \ i
1 |
0L | I E
10 = 1 I E
F | ]
C \ | ]
bl ool v vl 1 A
10 10t 102 103 10*  10°
Re
——  experimental data Zlokarnik (1999) simulation rusthon turbine
A simulation crossbar W  simulation anchor
* simulation helical ribbon

Figure 1. Power characteristics versus Reynolds number for dif-
ferent impeller types and experimental data from the literature
[29].

3.2 Flow Fields
3.2.1 Rushton Turbine

A detailed analysis of the obtained CFD results can be per-
formed using local velocity profiles for the RT and PBT. As
mentioned in Sect. S1, 300 lattice points over the tank diameter
are a sufficient resolution. Fig. 2 shows the velocity profiles for
selected radial positions studied in the experimental campaign
by Wu and Patterson [11]. The comparison of simulation
results with the experimental data for all radial positions is
available in the Supporting Information. Radial and tangential
profiles closely match experimental data, with potential devia-
tions in axial velocity components due to unmentioned differ-
ences in shaft diameter. It is therefore assumed that the shaft in
the simulations has a typical diameter of 10 mm.

(a) (b) ‘ () T
2 2 " 21 ™
[
1 1 1 LI
. []
% 0r . " - 0r .l- B 0r .t " =
o~ n A n
-1} S . 1 -1} .
[ ] ]
—21 4 -2t . 1 —2f, R
1 | | | 1 1 | 1 1
0 0.2 0.4 0.6 0.8 —-0.2 —-0.1 0 0.1 0.2 0 0.2 0.4 0.6 0.8
Ur/Ut Uz/Ut U@/Ut

sim. 71 = 5cm 4~ sim. 76 = 10.5cm  ®  exp. 7 = 5cm Wu and Patterson (1989) 4 exp. r¢ = 10.5cm Wu and Patterson (1989)

Figure 2. Comparison of the experimental results of Wu and Patterson [11] (black symbols) with the simulation results (blue symbols) of
the velocity profiles for different radial positions: r; = 5cm, rg = 10.5 cm. (a) Radial, (b) axial, and (c) tangential velocity components.
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3.2.2 Pitched-Blade Turbine

Fig. 3 shows the velocity profiles from experiments for two dif-
ferent axial positions as reported by Murthy and Joshi [30] and
the CFD simulation results from this study. Slight deviations
from the experimental results can be seen in Fig.3a-c. The
comprehensive comparison of simulation and experimental
data for seven different positions is available in the Supporting
Information. The highest dissipation rates occur in the impeller
region, and higher dissipation extends below it toward the tank
bottom.

3.4 Dissipation Rate and Trailing Vortex for
Rushton Turbine

The dissipation rate is crucial for chemical processes, affecting
mixing, reactions, and multiphase phenomena. It is discussed
and compared with literature results in this section. First, the
experimental data of Wu and Patterson [11] are discussed with
Fig. 4. The x-axis represents the local dissipation rate normal-
ized with the volume averaged dissipation rate &/¢,,crp With

Ng and Yianneskis described a method by which they calcu-
lated the distribution of the dissipation rate in the stirred tank
and compared it to literature data [37]. The tank volume is
divided into three regions:

1. Impeller swept volume: 0 < r < R and
C— Ll <z< [(CH+ A , where r is the radial coordinate,
R the radius, C the impeller clearance from the bottom, h
the height, and z the axial coordinate.
2. Impeller stream volume: R < r < 2R and
<C—§) <z< (C+§>.
3. Remainder of the tank.

The percentages of the dissipation rate determined in each
region of the tank are presented in Tab. 1 and compared to cor-
responding literature values.

Table 1. Comparison of estimates of ¢ distribution in vessels
stirred by an RT reported in the literature (adapted from [37])
and updated with this study.

Ref. Percentage of &

Impeller swept ~ Impeller stream  Remainder of

€avgcrp = 0.1207 m’s ™. Fig. 4a depicts the normalized local dis- region region tank
sipation rate for the radial positions r; and rs. For r;, large devi- (37] 12 31 57
ations from the experimental results of Wu and Patterson are
observable. The maximum in the simulation results is ca. 60 % (38] 20 >0 20-40
higher than the largest experimental value. At 2z/W = 0, where [39] _ 38 _
W is the blade width, the experimental value reaches €/Savg =5,
as opposed to the simulation result of &/e,,, = 22. In contrast, [40] 60 B N
for the ¢ position, the simulation predicts accurately the exper- [41] 30 30 40
imental results, as it does for r, and r5 (Fig. 4b), as well as for r;
and r, (Fig.4c). Note that Wu and Patterson discuss in their [42] 30 3 36
work that the dissipation near the impeller is difficult to mea- [10] 54 35 11
sure. Especially resolution issues but also data processing can (43] 36 30 34
have a dramatic effect on absolute, especially higher, dissipation
rates found in experiments, which makes validation particular- [44] 30 30 40
ly challenging [36]. The observed dissipation rate at r; = 5cm (45] 153 282 ~
presented in this study may be subject to measurement issues,
as the data were collected at a distance of only 3.5 mm from the (46] 18 60 22
impeller blade. Additional investigations are done with further This study 16 44 39
literature data.
(a) (b) 0.6 () 08
0.5
0.6
]
0 s S 0.4
S 5 S "
—0.5 0
0 02 04 06 08 1 02 02 06 08 1 02 02 04 06 08 1
r/D r/D r/D

4 sim. Z;=0.0lm ® sim. Z3=0.082m A exp. Z; = 0.01m Murthy and Joshi (2008) M exp. Z3 = 0.082m Murthy and Joshi (2008)

Figure 3. Comparison of the experimental results of Murthy and Joshi [30] (black symbols) with the simulation results (blue symbols) of

the velocity profiles for different radial positions. (a) Axial, (b) radial, and (c) tangential velocity components for different axial positions

in a stirred tank equipped with a PBT.
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Figure 4. Comparison of the experimental results of Wu and Patterson [11] (black symbols) with the simulation results (blue symbols) of
the normalized dissipation rate ¢/e,,4 for different radial positions. (@) ry = 5cm, rg = 10.5cm; (b) r; = 6cm, rs = 9cm; (c) r3 = 7cm,

ry=7.7cm.

Ng and Yianneskis noted that the regions presented in Tab. 1
are not similar in all studies, so that comparisons should be
handled with caution. Furthermore, there are differences in
geometries in the various studies, and these have an influence
on the power number and dissipation rate. For example, Zhou
and Kresta used a different tank-to-diameter ratio [45]. Never-
theless, Tab. 1 shows that there is a distribution of ¢ in different
studies, especially in pioneering work. Ng and Yianneskis pre-
sented CFD data and located the largest dissipation (57 %) in
the remainder of the tank [37]. In this study, the largest frac-
tion of ¢ is in the impeller stream region, i.e., 44 %. The other
studies, which used experimental data, located the largest share
of the dissipation in the impeller swept regions. In contrast,
Refs. [37,45] and this study located the smallest share in this
region. There are fundamental differences between this work
and Ref. [37], which applied the Standard k - ¢ RANS model
instead of LES. Although Wu et al. presented an equivalent set-
up, there are differences between the experimental results and
the presented CFD results [44]. Experimental data are often
extrapolated from data that are measured in one or a few loca-
tions of the tank, which can cause deviations. In addition, the
CFD data deviate due to the turbulence modeling and the stan-
dard k - ¢ RANS model being a more limited model. Com-
pared with the study of Derksen and van den Akker, which also
used LBM and LES for the CFD simulations, the deviations are
much smaller [46]. This general trend is associated with the
improving quality of both experimental and simulative tech-
niques over the last 30 years.

Besides averaged dissipation values, some literature presents
local maximum values. Zhou and Kresta showed that the maxi-
mum rate of dissipation €,,,,, is independent of the off-bottom
clearance, impeller diameter, rotational speed, and number of
baffles [45]. For an RT, they located € ,,x at the tip of the impel-
ler blades. At an impeller speed of 300 rpm, the maximum dis-
sipation is 12.2, normalized with the diameter and the impeller
speed. In this work, the normalized €, value is 34.91, and it is
located at the tip of the impeller blades. This is still in the
expected range of deviations originating from the dependence
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© 2023 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH

on resolution and accuracy of turbulence modeling in CFD
simulations. Obtaining three instantaneous velocity compo-
nents over time (#(t), ¥(t), w(t)) is challenging even with cur-
rent methods. Accurate dissipation rate determination in
stirred tanks is widely discussed in the literature, necessitating
more precise measurement data for CFD model validation.
Finally, an additional characteristic of an RT are the trailing
vortices, which are depicted in Fig. 5. Fig. 5a shows the mean
axis of the trailing vortex according to different literature
[47-50]. Whereas Ref. [49] used a photographic technique to
find the shape of the vortex, Refs. [47, 48, 50] applied laser dop-
pler anemometry mean velocity data to determine the central
axis. The simulation results are depicted with green dots.
Therefore, the upper and the lower vortex are considered indi-
vidually. For evaluation, each vortex is superimposed to define
the central axis. Fig. 5b depicts the simulated trailing vortex as
an iso-surface colored with the velocity magnitude. These iso-
surfaces were generated during the post-processing phase, by
using volume data and employing the vorticity magnitude as
the basis for their creation. The differences between these
investigations are assigned to differences in the geometrical set-
ups and the rotational speeds. Nevertheless, the simulated vor-
tex is compared to the different experimental studies and is
located in the range of other studies. Furthermore, the simulat-
ed vortex fits well into the experimental data and agrees with
only slight deviations to the experimental results from [48].

3.3 Mixing Time

The mixing time predicted by CFD simulations is compared
with experimental data from Jones and Ozcan-Taskin [7] for a
stirred tank reactor equipped with an impeller with four
pitched blades. In the experiments, three conductivity probes
were used to determine the mixing time, which was replicated in
the simulations; see Sect.S2 for a visualization and further de-
tails. In this work, two tanks were investigated, i.e., PBT-T31 and
PBT-T61 in Tab.S1. As bulk liquid, water (p, = 1000 kgm’3,
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Figure 5. Representation of the trailing vortex in an RT-equipped stirred tank reactor. (a) Centered axis of
the trailing vortex according to different authors (modified from [47]) combined with this study and (b) sim-
ulated trailing vortex presented as iso-surfaces for Re = 28 830. T is the tank diameter.

Uy = 0.001 Pa s) was used. A glucose solution of different viscosi-
ty was added with a liquid content of 0.15 % in relation to the
total tank volume at a position close to the liquid surface (see
Sect. 2).

Fig. 6 shows the mixing time ® evaluated by the RMS criteri-
on versus stirrer speed N for the simulations (blue symbols)
and the experiments (black symbols) from Ref. [7] for different
viscosities of the tracer, i.e., 0.001, 0.5, 2.9, and 10 Pas, and for
two different tank geometries (empty and filled symbols).
Greenville suggests approximating the 95 % mixing time in a
stirred tank reactor with the following equation [51], which is
also added to this figure as a dashed line [Eq. (13)]:

1/3 2
-=()(3)" ()

where T'is the tank diameter.

For small viscosity differences between the tank liquid and
the dosed liquid, only small deviations between experiments
and CFD simulations occur. Contrarily, large deviations are
present between the experiments and the simulations for large
viscosity differences, especially at medium stirrer speeds. One
reason might be that in the experiments, a syringe is used to
add the high-viscosity fluid slightly above the liquid surface,
whereas in the CFD simulations, the tracer is added already

below the liquid surface. The simu-
lation results did not capture the
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Large Tank (T61)

W 0.001 Pas exp. Jones and Ozcan-Taskin (2005)
M 0.001Pas sim.

@ 0.5Pas exp. Jones and Ozcan-Taskin (2005)
® 0.5Pas sim.

4 29Pas exp. Jones and Ozcan-Taskin (2005)

A 2.9Pas sim.

® 10Pas exp. Jones and Ozcan-Taskin (2005)

® 10Pas sim.

Small Tank (T31)

00.001 Pas exp. Jones and Ozcan-Taskin (2005)
[10.001 Pas sim.

0O 0.18 Pas exp. Jones and Ozcan-Taskin (2005)
O 0.18 Pas sim.

A 2.4Pas exp. Jones and Ozcan-Taskin (2005)

A 2.4 Pas sim.

Figure 6. Mixing time evaluated by RMS criterion for added liquids with high and low viscosity
differences in two tank dimensions (empty symbols for small tank, filled symbols for large tank).
Experimental values in black from [7], CFD results in blue. The dashed line represents the correla-
tion of Eq. (12).
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small diameter of the syringe, as it
would probably require a very fine
grid resolution that was not feasible
due to hardware limitations. It is
theoretically possible to perform
local grid refinement in arbitrary
regions, e.g., in the injection region.
This local refinement has the
advantage that the grid spacing can
be reduced without significantly
increasing the time for grid genera-
tion, while maintaining a regular
grid structure. Since this cannot be
fully clarified, more research is
needed to elucidate the mixing
between liquids with different vis-
cosities. In the Supporting Infor-
mation, the transient concentration
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fields are visualized. Nevertheless, the good agreement of
experimental and computational mixing times up to viscosity
ratios of 1:100 is of use for industrial applications, as such cases
are highly relevant for stirred tank design. The ease of use of
the software therefore allows for quick and reliable design cal-
culations in this regime.

4  Conclusion

Mixing in stirred tank reactors is a common but complex oper-
ation in the chemical and process industry. Reliable models are
needed, e.g., for scale-up purposes. With improved physics in
CFD simulations, such as LES turbulence models, turbulent
mixing can be efficiently modeled, especially if they are run on
GPUs. In this study, LES CFD simulations were carried out to
evaluate the current state and to highlight the need for further
research in this field. LBM has certain advantages over FVM.
The rapid generation of a regular grid is significantly more effi-
cient than the demanding task of creating an optimal mesh in
FVM. Additionally, the swift grid generation enables effective
discretization, facilitating the use of LES models instead of
RANS. Furthermore, when harnessed with the robust capabili-
ties of GPUs, simulations run at an accelerated pace.

First, the power characteristics of a crossbar, RT, helical rib-
bon, and anchor impeller were tested in different flow regimes
and compared with experimental data from Zlokarnik [29]. It
was shown that the CFD simulation results differ only slightly
from the reported experiments. Second, an RT and a PBT were
validated in detail, which included a lattice study for flow fields,
the velocity components, and dissipation rates. Moreover, the
trailing vortex of the RT was also simulated and compared with
literature results. Regarding the lattice resolution, a good start-
ing point is to use 100 points over the impeller diameter.
Finally, mixing times for different viscosity ratios were deter-
mined from the CFD results and compared with a literature
study [7]. It was shown that mixing times for viscosity ratios
up to 1:100 could be predicted with small deviations. In con-
trast, it was observed that when a high-viscosity fluid was
added, the simulated mixing time did not match the experi-
mental one, although mass was fully conserved. The reason
might be found either in a different adding procedure in the
simulation or more fundamental physics cannot be modeled by
using the current approaches. This is also a known issue in
classic CFD, and more basic research combining detailed
experiments with high-resolution CFD simulations is needed.

Supporting Information

Supporting Information for this article can be found under
DO https://doi.org/10.1002/ceat.202300384.
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Symbols used

8

particle velocity
normalized probe output
constant velocity

Courant number

impeller clearance from bottom
impeller diameter
distribution function of the particles
distribution after collision
equilibrium distribution
force

height

torque

impeller speed

pressure

power input

power number

radial coordinate

radius

Reynolds number

tank diameter

time

velocity

velocity

blade width
position/location

axial coordinate
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Greek letters

a [-] volume fraction

£ [m%~] dissipation rate

0 [m] mixing time

v [m%s7™'] kinematic viscosity
u [Pas] dynamic viscosity
v [m%s™'] kinematic viscosity
I3 [ms™] Velocity

P [kg m™] density

o [-] variance

T [s] relaxation time

Q [kg s m™ collision operator

Sub- and superscripts

avg average
b bulk

B direction

CFD computational fluid dynamics
¢ tangential

max maximum

r Radial

RMS root mean square

t tip

z axial

Abbreviations

CFD computational fluid dynamics
FVM finite volume method
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GPU graphics processing unit

LBM lattice Boltzmann method

LES large eddy simulation

PBT pitched-blade turbine

RANS Reynolds-averaged Navier-Stokes
RMS root mean square

RT Rushton turbine

VoF volume of fluid
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Research Article: There is a need for
reliable models of mixing in stirred
tanks, which is widely used in the
chemical and process industry but
complex and not fully understood. A
lattice Boltzmann code with a large
eddy simulation turbulence model was
used to determine power numbers and
mixing times in stirred tanks with
different impellers. Local velocity fields
and dissipation rates were compared
with literature data.
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