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Abstract

This thesis investigates and compares two numerical methods for simulating indus-
trial mixing processes: the Finite Volume Method, applied through the commercial
software STAR-CCM+ executed on multiple CPU cores, and the Lattice Boltzmann
Method, implemented in M-Star executed on a GPU. The methods were tested on
three mixing cases: two small-scale biomedical tanks and a large-scale anaerobic
digester. The comparison focuses on simulation accuracy, computational efficiency,
and practical usability. Results show that both methods accurately capture impor-
tant flow features in the biomedical tanks, with LBM offering significantly faster
simulation times on GPU hardware. However, in the large-scale digester case, LBM
faced challenges related to resolution, the need for local refinement, and limited flex-
ibility in numerical models and solver settings. These factors contributed to long
simulation times and less reliable results compared to the FVM approach. These
findings suggest that while LBM is a promising method for smaller systems with
low tank-to-impeller aspect ratios, while FVM remains more robust for complex,
large-scale mixing applications.

Keywords: CFD, Mixing, Finite Volume Method, Lattice Boltzmann Method, Biomed-
ical tank, Anaerobic Digester, GPU, CPU.
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1

Introduction

Mixing processes are essential in many engineering applications, including biomed-
ical systems and anaerobic digesters. A common approach to studying these pro-
cesses is Computational Fluid Dynamics (CFD) simulations. In large-scale digesters,
experimental measurements are often impractical due to limited accessibility and
complex flow behavior. In contrast, biomedical tanks typically involve smaller do-
mains where more detailed flow structures or particle distributions can be of interest.
This level of detail significantly increases the computational cost, even for relatively
compact geometries. To make simulations more efficient, alternative methods that
reduce computational time but still capture important flow physics are of interest.
This study investigates two different numerical approaches to simulate industrial
mixing processes. This chapter describes the background of the project along with
previous research followed by the purpose, goals, and demarcations of the study.

1.1 Background

The evaluation of mixing characteristics is fundamental in many industrial applica-
tions. CFD can be a valuable tool for gaining deeper insight into key parameters and
flow patterns, as it enables detailed analysis without the need for physical experi-
ments. The Finite Volume Method (FVM) has been an industry standard in CFD
for several decades and is widely implemented in both commercial and academic
software. The Lattice Boltzmann Method (LBM) has emerged as a promising al-
ternative to conventional CFD methods such as the Finite Volume Method (FVM),
since it offers natural parallelization and straightforward implementation of non-
equilibrium physics [3]. This makes the method especially suitable for large-scale or
multiphysics problems where conventional methods either become too expensive or
rely on simplifying assumptions. The performance is studied using both numerical
approaches in two separate software: Siemens Simcenter STAR-CCM+ (hereafter
referred to as STAR-CCM+), which is based on the FVM, and M-Star CFD, which
employs an LBM-based solver [4, 5].

This thesis investigates and compares the performance of FVM and LBM in mixing
simulations using two different types of tanks: two small-scale biomedical tank and a
large-scale digester tank. The tank types will be used for three different simulations
cases presented below:
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Case 1: Biomedical tank

Mixing is performed in a stirred tank with the impeller positioned off-center. The
objective is to validate the flow characteristics, with the power number and pumping
number as key parameters. The vortex formation and the mixing time will also be
assessed.

Case 2: Digester tank

Mixing in digester tank where the mixing is driven by two impellers combined with
a draft tube. The fluid in the tank is non-Newtonian and shear thinning. The main
objective is to evaluate the mixing time and flow field.

Case 3: Biomedical tank with particles

Mixing is driven by a pitched blade impeller. The objective is to validate the flow
field and distribution of particles injected into the tank.

1.2 Previous Research

A literature study was carried out to gain insight into previous work on CFD simu-
lations of industrial mixing, particularly in stirred tanks and agitated digester tanks.
A brief overview of relevant studies is presented below.

Larsson and Lindenbaum [2] conducted experimental measurements of mixing per-
formance in a stirred tank, which was later used for corresponding CFD simulations.
A vortex formed in the tank under operational conditions, and their work focused
on evaluating which turbulence models could accurately capture the vortex behav-
ior. By using the same geometry in both experiments and simulations, they enabled
a direct comparison of power number, pumping number, and mixing time. Their
results showed that the Reynold Stress Model (RSM) was sufficiently accurate for
representing the vortex dynamics in the CFD simulations.

Shan et al. [1] performed experiments in an unbaffled stirred tank with a pitched-
blade turbine to measure local solids concentrations using a fiber-optic probe. The
same setup was later used for CFD simulations of the liquid-solid flow, employ-
ing an Eulerian multiphase approach combined with the standard k& — ¢ turbulence
model. Their study showed good agreement between experimental and simulated
solid holdup distributions. To capture the rotating impeller and resulting central
vortex, they introduced a “vector distance” method that allowed them to approxi-
mate the impeller geometry within a fixed grid, enabling simulation of complex flow
features such as the vortex near the shaft.

Building on Shan et al’s work, Pukkella et al.[6] developed and validated a three-step
CFD framework for solid-liquid mixing in vortex-forming stirred tanks. They first
used a steady-state VOF simulation to capture the vortex shape, which was then
used to refine the liquid domain. In the final step, Eulerian multiphase simulations
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were conducted using the realizable k — ¢ model and Gidaspow drag law to predict
the solid distribution. The model reproduced the experimentally measured solid
volume fractions at various heights with good agreement.

Previous studies on anaerobic digesters (AD) have commonly treated sludge as a
non-Newtonian fluid, typically described using the power-law model [7, 8]. This
model captures the shear-thinning behavior by allowing viscosity to vary with shear
rate, within a specific range. Outside this range, viscosity is capped at a maximum
or minimum value. Alternatively, the Herschel-Bulkley model has been employed to
account for yield stress and shear-dependent viscosity, offering a more comprehensive
description for certain systems [9, 10].

While AD systems inherently include three phases: liquid, solid, and gas, most
CFD studies simplify the problem by considering single- or two-phase flow [11, 8].
Modeling all three phases introduces significant complexity in terms of required input
data and computational cost, due to the need for detailed interphase interactions
and boundary conditions.

In terms of turbulence modeling, RANS approaches, particularly the k— family, are
widely used due to their relatively low computational cost [12, 13, 8]. A previous
study evaluated six different RANS turbulence models , concluding that the standard
k—e model is more suitable for mechanically agitated digestive systems than the
alternatives [12].

For simulating mechanical mixing in stirred digesters, techniques like the Moving
Reference Frame (MRF) and Sliding Mesh (SM) have been frequently applied [14,
15, 16]. These methods divide the domain into rotating and stationary zones to
account for impeller motion, while in simpler cases, a Single Reference Frame (SRF)
may be sufficient [17].

1.3 Purpose and Objective

The purpose of this thesis is to evaluate and compare the performance of two nu-
merical methods, FVM and LBM, by simulating mixing processes in fluid systems of
different scales and complexities. This will be conducted by applying both methods
to representative cases of two biomedical tanks and a digester tank. The study aims
to compare the methods and validate the results with experimental data if available.
The comparison between the two software tools will focus on aspects such as:

o Evaluate mixing parameters such as power number, particle distribution, and
mixing time.

o Assess and compare simulation accuracy, computational time and model setup.

o Identify strengths and limitations of each method in relation to geometry size,
tank aspect ratios, and fluid rheology.
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1.4 Demarcations

This master thesis project will have some demarcations, mostly in order to keep the
project within reasonable scope for the time limit. The demarcations determined
for this thesis work are the following:

o No comparison between different turbulence models for FVM simulations will
be conducted. A suitable turbulence model for each case will be chosen by
reviewing literature and research done on similar setups.

o The evaluation of the numerical methods will be limited to comparing two
types of tanks for mixing applications, which may not offer a comprehensive
basis for assessing broader applications.

o Each of the two numerical methods will be evaluated using a single software,
which may introduce limitations related to the specific implementation rather
than the numerical methods themselves.



2

Theory

This chapter presents the theoretical background relevant to the thesis, focusing on
aspects that are essential for the applied methodology. The chapter begins with
an overview of industrial mixing, followed by a brief introduction to the numerical
methods used. Next, all relevant concepts related to CFD are described, and finally,
the software and hardware used in the project are presented.

2.1 Industrial Mixing

Mixing is a key operation in a wide range of industrial processes and is essential
for ensuring product quality and process efficiency [18]. Although much of the
foundational understanding of mixing originates from the chemical industry, it is also
widely applied in sectors such as food, pharmaceuticals, paper, plastics, ceramics,
and rubber. In these industries, mixing plays a central role in combining materials,
dispersing phases, and facilitating various process steps.

This thesis investigates different types of industrial mixing. This section presents the
underlying physical principles and dimensionless numbers relevant to the different
mixing configurations analyzed in the study.

2.1.1 Anaerobic Digestive Mixing

Anaerobic digestion is a biological process for treating organic wastes, diminishing
excess biological sludge from wastewater treatment plants and recovering energy
from waste products [19]. Currently, three types of mixing are commonly used
in industrial anaerobic digesters: mechanical mixing, gas mixing, and jet mixing.
Fast-rotating impellers with small diameters, often combined with a draft tube,
are also employed in these mixing processes. The impeller drives the flow through
the draft tube between the top and bottom of the tank, thereby enhancing overall
mixing efficiency [20]. A key factor influencing the mixing process is the rheological
behavior of the input material [19]. These input materials, such as wastewater and
slurries from food processing plants, are typically non-Newtonian fluids.
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2.1.2 Non-Newtonian Fluid

Non-Newtonian fluids do not exhibit the same linear relation between shear stress
and shear rate as Newtonian fluids, where the shear stress is directly proportional
to the shear rate. While Newtonian fluids generally have constant viscosity, non-
Newtonian fluids experience fluctuating viscosity. Non-Newtonian fluids in mixing
applications can lead to non-uniform and non-ideal flow conditions, resulting in
incomplete mixing and stagnant zones, which significantly affect the efficiency of the
process. For non-Newtonian fluids the viscosity depends on the shear rate magnitude
4 by following a power-law relationship [21]:

T (2.1)

where K [Pa - s"] is the consistency coefficient and n is the power law index. When
n is smaller than 1 the fluid is shear-thinning. A non-Newtonian fluid can also be
described by the Herschel-Bulkley model in which flow occurs only if the shear stress
exceeds a critical value 7y according to a power law:

p=mly™ + K" (2.2)

2.1.3 Reynolds Number

The Reynolds number in a stirred tank is defined as

2
Re= "0 (2.3)

where D is the impeller diameter, N is the rotational speed, p is the density of the
fluid being mixed and p is the dynamic viscosity [22].

2.1.4 Power Number

The power number is a non-dimensional measure of the power exerted on the fluid
by the impeller. The power number can be determined by using the torque applied
to the impeller [23]. Then the power number, Np, is defined as

P

Npy = ———
Fr = HN3DS

(2.4)
where P is the power defined as:
P=27Nt (2.5)

and 7 is the torque applied on the impeller.

6
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2.1.5 Pumping number

Pumping is the amount of material discharged by the rotating impeller. The pump-
ing number, N is defined as
Q

~ ND?
where Q) is the volumetric flow rate exiting a cylindrical surface enclosing the impeller
[24].

No (2.6)

2.1.6 Mixing Time

There are several ways to determine the mixing time in an agitated tank. Mixing
time refers to the duration required for the contents of a tank to reach a certain
degree of homogeneity, often evaluated through the concentration of a tracer [25].

A commonly used criterion is 95% homogeneity, with the corresponding mixing time
denoted as 195. This can be assessed either locally or globally. Local mixing time is
determined by observing the concentration at a specific location in the tank. When
the normalized concentration at that point falls within the range 0.95- % to 1.05- %,
where ¢; is the concentration at a specific point and ¢ is the average concentration
in a fully mixed state. The time at which this condition is first met is defined as 7g;.

Another way to determine the mixing time is by the coefficient of variation (CV). The
degree of mixing is quantified using the spatial variance of the tracer concentration
and is defined as follows:

S C=S RN
NG

Qv = (2.7)

where i denotes the index of a monitoring point with volume AV; [25]. The threshold
for CV is 0.0283 for 95% homogeneity.

2.2 Finite Volume Method

FVM is currently the most widely adopted numerical method for performing CFD
simulations. In FVM simulations, the flow field is resolved by solving the continuity
and momentum conservation equations, commonly known as the Navier-Stokes equa-
tions [3]. FVM is based on the principle of local conservation, making it well-suited
for CFD calculations [26]. To solve the equations numerically, the computational
domain is divided into discrete cells, where the Navier-stokes equations are reformu-
lated into a system of linear algebraic equations for each cell. These equations are
solved iteratively with a given set of boundary conditions [3].

The Navier-stokes equations are expressed as:

V.U=0 (2.8)
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ou

P ot

where U is the velocity vector, p is the fluid density, p is the pressure and p is the
dynamic viscosity [3].

+pU - VU = —Vp + uV3?U (2.9)

In the discretization process, the conservation laws are applied in the discrete cells
[27]. The conservation laws are enforced over each cell to compute the values of
the flow variables at discrete points called nodes. The number of nodes in the
domain depends on the type of cells used, which can be for example triangular or
quadrilateral. The derivation of the finite volume formulation is carried out starting
from a transport equation involving convection and diffusion processes. The general
form of such a transport equation is expressed as:

209 L5 - (pué) = V- (DV9) + 5, (210

where p is the density, ¢ is the conservative form of all fluid flow, u is the velocity, D
is the diffusion coefficient and Sy is the source term. When integrating this equation
over a given domain V, equation 2.11 is obtained,

/va(@t dV+/ V- (pug)dV — /v (DV¢) dV+/ % (2.11)

The terms 5 and Jv (pp)dV commute each other. For a fixed domain, the equation
reduces to

/V g’f) :;/Vp.(bdv. (2.12)

Using the Gauss-divergence theorem, the volume integral can be transferred into
surface integrals

/Vv-(puqs)dvz/sn- (pug)ds (2.13)

/V V- (DV@)dV = /S n- (DVe)ds (2.14)

where n is the normal to the surface S. If equations 2.12-2.14 are substituted into
equation 2.11, the required integral form for the FVM (to solve the conservation
equations in the nodes) is obtained as

at/ p¢dv+/ (pug)ds = /Sn'(DV¢)ds+/‘/S¢dV (2.15)
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The conservation laws are then expressed in their integral form and applied to
each cell individually. The resulting surface and volume integrals are approximated
using quadrature formulas, which estimate the integrals based on the values at
the computational nodes. These expressions are then assembled into a system of
algebraic equations, one equation per cell. Finally, this system is solved numerically
to determine the unknown values of the physical variables at the computational
nodes. This approach accounts for the streams and collisions of individual molecules
in the fluid, providing a detailed description of intermolecular interactions [3].

2.3 Lattice Boltzmann Method

In contrast to FVM, LBM is a numerical method that does not directly solve the
Navier-Stokes equations [3]. While the Navier-Stokes-based solvers rely on discretiz-
ing the governing differential equations with a given set of boundary conditions on
a computational grid network, the lattice Boltzmann equations are solved by satis-
fying the governing equations in mesoscopic scale using distribution functions with
streaming and collision processes. The LBM is an inherently time-dependent method
[28]. Tt is possible to obtain steady solutions, but it usually requires longer simu-
lation times, since a larger number of iterations are required compared to methods
tailored for steady problems. The governing equations and relevant theoretical back-
ground related to the LBM implementation used in this thesis are presented in the
following section.

2.3.1 The Lattice Boltzmann Equations

In LBM, continuum phenomena such as fluid mechanics and thermodynamics are
described at the macroscopic level, while the kinetic theory treats the domain at
a microscopic level, modeling it as a system of discrete particles [3]. However,
simulating individual atoms or molecules would require an immense amount of com-
putational time due to the large number of particles involved. To address this,
LBM reduces the number of simulated particles by considering groups of atoms
or molecules instead of individual atoms or molecules. This changes the simula-
tion scale from microscopic to mesoscopic. Additionally, the degrees of freedom are
limited by constraining particle movement to a finite set of discrete directions.

In LBM, a set of fictitious particles stream and collide within a discrete lattice
domain [3]. The distribution function, f(r,c,t), describes the probability of finding
particles with a velocity in the range c¢ to c+dc and a position within r to r+dr at
a given time t. This eliminates the need to track individual particles, as required in
molecular dynamics, thereby significantly reducing computational cost and making
LBM well-suited for large domains. The transition between initial and final states
is governed by the collision operator, €2, and the equation of particles numbers can
be written as:

F
f (7" +cdt,c+ —dt, t + dt) drde — f(r,c,t)drdc = Q(f)drdcdt. (2.16)
m
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By limiting dt—0:

daf
— = Q(f). 2.17
“ —a() (27)
As the distribution function f is a function of ¢, r and t, the Boltzmann transport
equation can be written as below:

of ,of [ Fof _

ot " oF T mac (2.18)
Macroscopic fluid quantities such as velocity and pressure are captured by modeling
the movements of fluid particles in a discretized domain with uniform cartesian cells,
where each cell holds several distribution functions. The movement of fluid particles
is restricted to discrete directions, with the distribution functions representing the
number of particles traveling along each direction. The number of distribution
functions depend on the specific method used. These methods employ a structured
lattice arrangement, denoted as DnQQm, where n represents the spatial dimension
and m indicate the total number of discrete velocity directions available for particle
streaming.

2.3.2 Bhatnagar-Gross-Krook Approximation

To solve the Boltzmann equation, the collision operator €2, that is a function of f,
must be given. By using the Bhatnagar-Gross-Krook (BGK) approximation, offering
a simple model for the collision operator, the Boltzmann equation without external
forces can be described by,

0 1
e V= (T ) = ) (219)
T
where w = % is the collision frequency with 7 as the relaxation factor, and f¢

represents the local equilibrium distribution function. When discretizing the Lattice
Boltzmann equation in space x and time ¢, and incorporating external forces, the
equation in direction k takes the following form,

fk(X + CkAt, t+ At) = fk(X, t) + ATt [ Isq(X, t) - fk<X, t)] + AtFk (220)

where f;?(x,t) can be described as

. c, U c,-U)? U-U
f@i%:%pb+-z2 +O5Ck&)— CQ)], (2.21)

10
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2

where ¢ is

;= (?;)S- (2.22)

In these equations, At is the lattice time step, ¢, is the speed of sound, ¢, is the
discrete lattice velocity, F} the external force and r the lattice fluid density. wy is a
weighing factor that varies for different DnQm. The domain is typically discretized
such that ¢, At equals the distance between two neighboring lattice nodes. As a re-
sult, the distribution function fi(x,t) moves to the next lattice node in the direction
of the discrete lattice velocity ¢, after one time step.

2.3.3 Chapman-Enskog Expansion

The Navier-Stokes equations describe the dynamics of a fluid and through the
Chapman-Enskog expansion, these equations can be derived from the Lattice Boltz-
mann equations [29]. In the derivation, one can consider a D2QQ9 model with the
following multiscale expansions:

e e R (A (2.23)

where ¢ is a small number proportional to the Knudsen number. The second-order
Taylor series expansion of the lattice BGK equation yields:

o
2

D = — (i~ [ + O(8?) (2.24)

Di i
f * T(;t

Di =0, +c;-V =0 + ¢ia0a (2.25)

Substituting equation 2.23 into equation 2.24 and collecting terms of the same order
in €, the first-order equation can be obtained as:

1
DO O W (2.26)

To derive the macroscopic equations at order €, equation 2.26 is first summed over all
directions 7 to obtain the conservation of mass. Then, by multiplying equation 2.26
by the discrete velocity vector ¢; and summing over ¢, the momentum conservation
equation is recovered. These steps correspond to taking the zeroth and first moments
of the equation, respectively:

Ohyp + Vo - (p2) = 0, (2.27)

11
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Ay, (pu) + Vo - @ =0, (2.28)

where 70 = ¥, ¢;c; fi(o) is the zeroth-order momentum flux tensor.

To recover the Navier-Stokes equations, the next step involves incorporating the
first-order correction term fz-(l) into the momentum flux [29]. This introduces viscous
effects. By expressing the total flux tensor as w = 7@ + e and applying the
Chapman Enskog expansion to second order in e, the incompressible Navier-Stokes
equations are recovered:

V-u=0, (2.29)

(Z?ltl +u-Vu= —;Vp + vV (2.30)

Here, the kinematic viscosity v is related to the LBM relaxation time 7 through:

v =l <7 - ;) (2.31)

Thus, through the Chapman-Enskog expansion, the LBM is shown to be consistent
with the Navier-Stokes equations in the incompressible limit.

2.3.4 No-slip Boundary Condition

Implementing boundary conditions is less straightforward in LBM compared to other
conventional methods [3]. The no-slip condition is commonly implemented using
the bounce-back condition. In this approach, every distribution function at the
boundary is replaced by the distribution function in opposite direction, assuming
that the incoming and outgoing distribution functions are equal in magnitude but
opposite in direction. During the collision, equation 2.32 is applied to implement
the no-slip boundary condition,

S, t+ 1) = fo%(x,t), (2.32)

where p and q represent opposite directions.

2.4 Computational Fluid Dynamics

In the following section various concepts and modeling strategies in CFD is intro-
duced. Unless otherwise specified, the concepts discussed apply to CFD using both
FVM and LBM.

12
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2.4.1 Moving Bodies

In CFD there exists several methods for simulating moving bodies within a flow field.
These approaches differ in how the motion is represented and how the interaction
between the fluid and the moving geometry is handled. The following section will
present the methods used in this thesis project.

2.4.1.1 Multiple Reference Frame

The MRF model is a steady state method used in FVM to simulate rotating equip-
ment such as impellers [22]. Stationary parts like tank walls and baffles are modeled
in a fixed frame, while the impeller is placed in a rotating frame where it appears
stationary. For accurate results, the mesh around the rotating zone must be sym-
metric about the axis of rotation. The flow is solved relative to each frame, and
information is exchanged across the interface. Although the impeller does not phys-
ically rotate, its effects on the surrounding flow are captured through the rotating
frame.

2.4.1.2 Sliding Mesh

The SM model is a transient method in FVM for simulating rotating flows [30]. Un-
like MRF, it physically rotates the mesh around the impeller during the simulation,
allowing accurate capture of the full transient startup. The domain is split into
two zones: an inner cylindrical zone that contains the rotating part and an outer
stationary zone. These zones slide relative to each other along a defined interface,
where the inner mesh rotates a fixed angle each time step.

2.4.1.3 Immersed Boundary

Conventional methods for handling moving solid bodies involves generating a mesh
that conforms to the exact shape of the object [31]. These type of methods first
defines a surface grid covering the boundary, I'y, and then generates the mesh in
the regions occupied by the fluid, 2;, and the solid, ;. On the other hand, when
using the immersed boundary method, I'y still covers the body. Then a cartesian
grid covering the fluid domain is generated with no regard to I',. The solid now
cuts through the cartesian grid and a boundary condition is needed to modify the
equations at the boundary. In order to account for the boundary conditions on the
immersed boundary, there are two different approaches. Both approaches use source
terms in the governing equations in order to reproduce the effect of a boundary,
which is incorporated before discretization in the first approach. In the second
approach, the source term is incorporated after the discretization.

2.4.2 Courant Number

The Courant number, C, is a dimensionless number defined as:

B ut

C=Ar

(2.33)
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where u is the velocity magnitude, At is the time step and Ax is the length interval.
The Courant Number is commonly used to determine a suitable time step size [26].
The time step size is limited by the requirement that the time step should be shorter
than the time that is taken to transport past the cell.

2.4.3 Wall Functions

At a solid wall the no-slip condition applies, meaning that the relative velocity
between the fluid and the wall is zero [26]. When a flow is constrained by a solid
wall, the inertial and viscous forces change going from a layer near the wall to a
region further from the wall, creating a boundary layer. The boundary layer has
a thickness, §, which is often determined by the distance from the wall, y, where
the fluid reaches 99% of the free-stream velocity. The inner region of the boundary
layer, 0 < y < 0.2¢, is usually divided into sub-layers, defined by the dimensionless
wall distance y-+.

g+ = (2.34)

where u* is the wall friction velocity and v is the kinematic viscosity. The innermost
region, where 0 < y* < 5, is referred to as the viscous sub layer. In this layer,
the flow is nearly laminar and dominated by viscous stresses. Further from the
wall, the buffer layer is defined by 5 < y™ < 30, where viscous and turbulent
stresses are of comparable magnitude. In the outer region, the log layer is defined
by 30 < y* < 400, where turbulent stresses dominate the flow behavior.

In this near wall region, particular turbulence models are not valid. Rapid variations
of the flow variables occur, implying the requirement of a very fine computational
mesh to resolve the large gradients of flow variables [26]. To model the near-wall
region, wall functions can be applied. The core idea is to apply boundary conditions
at a certain distance from the wall, thereby avoiding the need to solve the turbulence
model in the immediate near-wall region. In this way, wall functions account for
the rapid variations in flow variables near the wall without requiring the viscous sub
layer to be fully resolved. The use of wall functions requires that the first grid point
adjacent to the wall lies within the log layer of the boundary layer. Ideally, it should
be placed near the lower limit of this region to maximize the number of grid points
captured within the boundary layer.

2.4.4 Turbulence Models

Turbulence is encountered in most flows in nature and in industrial applications,
since turbulence enhances heat- and mass-transfer rates [26]. Therefore, turbulence
modeling becomes one of the key elements in CFD. The turbulence models relevant
for this thesis will be presented in this section.

14
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2.4.4.1 Reynolds Averaged Navier-Stokes Equations

The instantaneous variables in the Navier-Stokes equations (equations 2.8 and 2.9)
can be split into a mean part and a fluctuating part [26]. This is called Reynolds
decomposition and is denoted as follows:

Ui = (Ui) +u; (2.35)

and

P =(P)+p. (2.36)

By substituting the instantaneous variables with equation 2.35 and 2.36 into equa-
tion 2.8 and 2.9, the general form of the Reynolds Averaged Navier-Stokes (RANS)
equations can be obtained.

ACHIGN ag? - —;aij [<P> iy + i <8§Zf> + ag?) - p<uiuj>] (2.37)

There are multiple turbulence models based on the Reynolds decomposition, since
the flow then is described statistically by the mean flow velocity and turbulence
quantities [26]. By averaging over a suitable time interval, the turbulent fluctuations
are separated from the non-turbulence quantities. The resulting set of equations is
commonly referred to as the RANS equations.

The term p (u;u;) is known as the Reynolds stresses. To close equation 2.37, this
term must be modeled. One common approach is to relate the Reynolds stress
tensor to the mean velocity field. This is known as the Boussinesq approximation,
which assumes that the Reynolds stresses are proportional to the mean velocity
gradients. It treats the transport of momentum by turbulence as a diffusive process
and introduces a turbulent viscosity. The Boussinesq approximation reads

Tij o\ o) oUny 2, .
_ <uzu]>—VT< 9ot pa ) 5 (2.38)

where vr is the turbulent viscosity [26]. The second term on the right-hand side
accounts for the normal stresses. Different turbulence models based on the RANS
equations and the Boussinesq approximation use various methods to determine this
viscosity. These models are typically categorized by the number of additional trans-
port equations they require to describe the local turbulence characteristics. Zero-
equation models use no additional PDEs, while one- and two-equation models solve
one or two transport equations alongside the RANS equations.

15
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2.4.4.2 k — ¢ Model

The most widely used turbulence model in CFD is the £ — ¢ model [26]. The
equations for the k£ — ¢ model are simplifications of the exact transport equations
for k and e, which makes the model one of several possible closures by which the
RANS equations are simplified even further. The exact transport equation for the
turbulent kinetic energy, k, can be derived by applying Reynolds decomposition to
the instantaneous kinetic energy equation. In the resulting expression, the Reynolds
stress terms appear in the production term. These stresses are commonly modeled
using the Boussinesq approximation, which relates them to the gradients of the mean
velocity field. Using this approach, the production of turbulent kinetic energy can
be expressed as:

o) _ (3<Ui> . 3<Uj>> oy 2, 0Uy (2.39)

—<U2‘Uj> an 8xj 8% 8xj B 3 8@ )

The second closure needed to model the k equation is a relation for the energy
dissipation rate which is described by

0, 0e < [(0W) o)) ow)
o T Ui, = Cavry, [ or, | om ) o
g2 0 vr\ Oe

The turbulent viscosity can now be calculated

vr = CN? (241)

The five closure coefficients C),, C.1, C2, 0y, and 0. are assumed to be universal con-
stants and the values are found in Table 2.1 .

Table 2.1: Closure coefficients in the standard k—< model.

Constant | Value
Cy 0.09
Ca 1.44
Ceo 1.92
0. 1.30

The k-e model assumes that the flow follows the logarithmic law of the wall [32].
Consequently, there are two key areas where the model does not apply. The first
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is wall-bounded shear flows that lack a well-defined boundary layer, such as at
stagnation points or flow separation regions. The other area is the viscous sub-layer
below the log-law layer. The standard k- model accounts for this region by applying
appropriate boundary conditions for & and . However, this approach requires that
the first mesh point is positioned within the logarithmic region of the boundary
layer, specifically within the range 0 < y* < 500.

2.4.4.3 Reynolds Stress Model

Turbulence models based on the Boussinesq approximation are inadequate for flows
with rapid changes in the mean strain rate, as they fail to capture the history effects
of the Reynolds stresses [26]. These effects arise due to the relatively slow mo-
mentum exchange between eddies, whereas the Boussinesq approximation assumes
that eddies behave like molecules and exchange momentum rapidly. RSM overcome
this limitation by abandoning the assumption of isotropic eddy viscosity. Instead,
they solve transport equations for each component of the Reynolds stress tensor,
7;; = —p (u;u;), along with an equation for the dissipation rate of turbulent kinetic
energy, €.

The general form of the transport equation for the Reynolds stresses is

a(uzu3>
ot

8<UZU]>
5’xk

+ (Uk) = Py — ey + @45 + dyj, (2.42)

where the left-hand side describes the local and convective rate of change of the
Reynolds stresses, and the right-hand side contains terms representing production
(), dissipation (g;;), pressure-strain redistribution (¢;;) and diffusion (d;).

To close this equation, models are required for the mean velocity field (U;), the
Reynolds stresses (u;u;), the pressure field (P) and the dissipation rate e. RSM are
often referred to as second-moment closures, since only third-order terms and higher
require additional modeling. The main advantage of RSM is their ability to natu-
rally capture anisotropy and non-local effects. However, they are computationally
expensive, as seven additional partial differential equations must be solved, and the
strong coupling between these equations can lead to numerical instability.

2.4.4.4 Large Eddy Simulation

When simulating flows with high Reynolds number, one of the main challenges is
the presence of very small length scales and timescales [26]. One way to address
this is to filter the equations and only resolve intermediate to large turbulent scales
while leaving the smallest scales unresolved. This approach is known as Large Eddy
Simulation (LES), where the dynamics of the large scales are computed explicitly.
The effects of the non-resolved scale are accounted for with subgrid stress models.
The governing equations for LES are obtained by applying a spatial filter to remove
the small-scale fluctuations. A generalized filter, with £ is the spatial integration
variable, can be defined by
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Uwt) = [ [ [ Gla—ga)uie ne. (2.43)

The filter function, G, keeps values of U; occurring on scales larger than the filter
width A. Filtering the Navier-Stokes equations enable a separation between the
large turbulent scales U;, which are resolved, and the smaller scales w;, which are
modeled. The velocity field has the decomposition,

Ui(z,t) = Ug(z,t) + ui(x, t). (2.44)
The filtered continuity equation becomes

au;
81‘]‘ N

0 (2.45)
and the filtered momentum equation becomes

+ =— —

(915 (930]- ;3% + Vaxjé)xj an ’

(2.46)

with 7;; being the subgrid stress tensor. The subgrid stress tensor is causing closure
problems in LES and is therefore often modeled using the Smagorinsky-Lilly model

1
Tij — ngk(Sij = =205, (2.47)

where S;; is the time-averaged strain rate temsor. The subgrid viscosity can be
calculated from

e =pL%|S], (2.48)

where

S| = /2545 S;; and Lg = min(kd, CsV/3). (2.49)

k is the von Karman constant, d is the distance to the nearest wall, V' is the volume
of the computational cell, and Cy is the Smagorinsky coefficient.
2.4.4.5 Implicit Large Eddy Simulation

In LES, the smaller turbulent scales are unresolved and modeled [33]. When using
Implicit Large Eddy Simulation (ILES) the influence of the unresolved scales are
implicitly incorporated, not requiring the need for explicit modeling.
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2.4.5 Passive Scalar

The transport of a species within a fluid can be modeled as a passive scalar [2].
A scalar quantity is advected and diffused by the flow but does not influence the
flow field itself. The transport of the passive scalar is governed by convection and
diffusion according to the following transport equation:

3(;5 8((;5@@) . 8 1% vt agb

where ¢ is the passive scalar, v is the kinematic viscosity, and vy is the turbulent
viscosity. The molecular diffusivity is characterized by the Schmidt number, Sec,
while the turbulent diffusivity is described by the turbulent Schmidt number, Sc;.
In stirred tank configurations, typical values for S¢; range from 0.2 to 0.9.

2.4.6 Evaluating Mixing Time

A transient blending simulation is the most effective way to estimate how long it
takes for a tracer to become fully mixed in a fluid [22]. If the tracer has the same
properties as the fluid, the flow field does not need to be recalculated. Instead, the
tracer can be added after the flow has reached steady state. Since the tracer does
not affect the flow, the equations for momentum, continuity and turbulence can be
disabled during the mixing simulation. This makes the calculation faster and more
stable, as only the transport of the tracer needs to be solved. The mixing time can
then be determined by monitoring the average concentration and standard deviation
in the tank.

2.4.7 Modeling of Multiphase Flows

Multiphase flows are flows that involve the interaction between two or more distinct
phases such as solids, liquids and gases, and are common in both natural phenomena
and industrial applications [26]. This section provides an overview of those modeling
approaches for multiphase flows in CFD that is relevant for this thesis work.

2.4.7.1 Euler-Lagrange Model

In Euler-Lagrange modeling, the fluid phase is modeled as a continuum by solving
the Navier—Stokes equations, while for the dispersed phase a large number of indi-
vidual particles is modeled. The dispersed phase can exchange momentum, mass,
and energy with the fluid phase.

In point-particle-approach simulations, the single-phase Navier—Stokes equations for
the continuous phase are solved in conjunction with tracking the individual particles,

Oaypy)  OlappsUiy)
ot o =S, (2.51)
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_a —_
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where ay is the volume fraction of the fluid, ps is the fluid density, U y is the i-th
component of the fluid velocity and 7;; s is the viscous stress tensor. The source
term S. accounts for mass transfer between the phases, while S;, represents the
momentum exchange between the fluid and the particles.

+ Sips (2.52)

This formulation assumes that the particles are significantly smaller than the grid
cells, so that the local fluid velocity used in the force calculation remains undisturbed
by the presence of the particles. Euler-Lagrange models are particularly effective at
low particle volume fractions with one- or two-way coupling. At higher concentra-
tions, particle—particle interactions become important, requiring additional closures
and significantly increasing the computational cost.

2.4.7.2 Volume of Fluid

The volume of Fluid (VOF) model is an Euler-Euler approach that tracks the in-
terface between different phases [26]. VOF works by predicting the position of
the interface using a color function v, which represents the volume fraction of the
tracked phase in each cell. If a cell contains none of the tracked phase, v = 0. If
it is completely filled with the tracked phase, v = 1 and if it contains both phases,
0 < v < 1. While all phases share a common set of momentum equations (one for
each spatial direction), the volume fraction is used to describe how much of each
phase is present in each cell [26].

In cells with only one phase present, the properties are those of that phase [26].
For cells with more than one phase present, the properties are volume-weighted
averages. The volume fraction is modeled using the continuity equation, and the
surface tension is added as a source term in the momentum equation in cells where
two phases or more are present.

2.4.8 Grid Convergence Index

The Grid Convergence Index (GCI) method is a procedure for estimating the dis-
cretization error in a computational grid [34]. The method is based on the Richard-
son extrapolation method and is a recommended and widely evaluated method
within CFD. The Richardson extrapolation is a technique used to improve the
accuracy of numerical results by combining solutions at different resolutions [35].
By assuming a Taylor series expansion with respect to the discretization param-
eter, Richardson extrapolation can eliminate the dominant sources of numerical
error, resulting in faster convergence and improved accuracy. A known limitation
of Richardson extrapolation is that the predicted values may not vary smoothly
or monotonically with grid refinement [34]. In time-dependent simulations, this
irregular behavior can also vary across both time and space.

In the GCI method, when considering a 3D case, a representative cell size h is
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defined,

h= UV é (Avi)] - (2.53)

where AV} is the volume of the i:th cell and N is the total number in the computa-
tional grid [34]. Three or more different grids are required for the calculations and
the refinement factor between the grids are calculated as

J

where grid j is finer than grid i. The grid refinement should be done systematically
even if the grid is unstructured. After running the simulations for each grid, values
of a key variable, ¢, is evaluated for each grid. It is appropriate to use the average
global cell size in equation 2.53 if a global variable, such as velocity, is used. Let
hr<hj<h;. The apparent order p of the method can be calculated as

1 iy
- In | =4 2.
P g 22 o) (255)
rt. —s
q(p) = In (r‘;' - 8) (2.56)
ij

s=1-sgn (”) (2.57)

Ejk

where €;;=¢; - ¢; and €;,=0¢; - ¢p. Finally the approximate relative error, e’ and
the fine-grid convergence index, GCI{, . can be calculated as

Oj — Gi

o;

o _
W=

(2.58)

g 1.25¢€%
GCI? = g
fine T,ij _ 1

(2.59)

2.5 Software and Hardware

To evaluate and compare the performance of the numerical methods considered in
this thesis project, two different computational software have been employed. Each
software is based on either FVM or LBM, and therefore utilizes different approaches
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when it comes to, for example, turbulence modeling and rotational motion. The
following section presents the software tools and required hardware used in this
thesis, along with a brief description of their numerical implementation.

2.5.1 M-Star

The M-Star solver is a LBM CFEFD tool [36]. M-Star has two different lattice types
that primarily differ in the number of discrete velocity directions [5]. The two avail-
able lattice types are D3Q19 and D3Q27 which allows 19 and 27 possible velocity
directions respectively. The additional directions in the latter type allows it to cap-
ture more complex flow details. However, this lattice type is more computationally
demanding requiring about 40% more memory and runs approximately 40% slower.
In a trade off between computational efficiency and accuracy, the D3Q27 type may
be preferable in simulations with more complex flow details, higher Reynolds num-
ber and complex boundary interactions. The LES turbulence model allows the user
to select lattice type, whereas when using the ILES turbulence model, the D3Q27
lattice type is required.

The most computationally efficient solution is the default cuboid lattice with uni-
form spacing [5]. However, when modeling systems with high aspect ratio features,
such as small impellers inside large tanks, local refinement zones may be neces-
sary. Although adding refinement reduces computational efficiency, it can increase
the memory efficiency of the code. Local refinement zones are user-defined regions,
which can have various shapes, where the lattice undergoes a step change in both
spatial resolution and time step size. Multiple refinement levels can be applied,
where each level increases the local resolution by dividing the baseline lattice spac-
ing by a factor of two. If the refinement level exceeds two, a set of transition layers
is automatically added outside the refined region to gradually reduce the resolution
back to the baseline. When using refinement in the simulation setup, the ILES
turbulence model is required.

2.5.2 STAR-CCM+

STAR-CCM+ is a FVM-based CFD solver developed by Siemens [37]. It supports
a wide range of flow simulations, including incompressible and compressible flows,
multiphase systems, heat transfer, and rotating machinery. The software includes
several turbulence models, such as RANS, LES, and DES, allowing for flexibility
depending on the accuracy and computational cost required.

STAR-CCM+ features automated mesh generation and supports polyhedral, hexa-
hedral, and trimmed cell meshes. Mesh refinement can be applied locally to resolve
complex geometries or flow features. The software also includes built-in tools for
simulating moving or rotating parts using either MRF or SM approach. For time-
dependent problems, both steady-state and transient solvers are available.
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2.5.3 CPU and GPU

A Central Processing Unit (CPU) is a microprocessor that executes instructions
from a program using arithmetic, control, logic, and input/output operations [38].
Its main components include an arithmetic logic unit, processor registers for storing
and handling data, and a control unit that manages the execution of instructions
from memory. To reduce response time, CPUs are designed with low latency in
mind and include large caches that temporarily store data to avoid slower access to
global memory. Most modern computers use multi-core processors, meaning a single
chip contains two or more processing units, called cores. These cores allow multiple
tasks or processes to be executed in parallel, improving performance in multitasking
and parallel computing.

The design and purpose of a Graphics Processing Unit (GPU) differs significantly
from that of a CPU [38]. While CPUs are optimized for low latency and efficient
processing of sequential instructions, GPUs were originally developed for rendering
graphics, where many pixel values can be calculated independently. Today, GPUs
are widely used beyond graphics, including general-purpose computing and scientific
simulations. Unlike CPUs, GPUs are designed for high throughput, meaning they
can process large amounts of data simultaneously. They dedicate more hardware to
computation and less to fast cache memory, which is the opposite of a CPU.

A main difference is that a CPU has a few powerful cores, while a GPU consists of
thousands of smaller, simpler cores [38]. This makes GPUs well-suited for parallel
tasks with low memory demands, while CPUs remain better at handling tasks that
are sequential and memory-intensive.

Which hardware platform performs best depends largely on the amount of data
being processed and the degree of parallelism available [38]. For smaller workloads,
or when only a limited number of parallel instances can be utilized, CPUs tend to
be more efficient due to their low overhead and fast memory access. When a high
degree of parallelism is available, however, GPUs generally offer better performance.
As the computational domain grows, such as in simulations of large geometries, the
amount of data increases significantly, which can reduce the efficiency of GPU-based
computations due to memory limitations.
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Methods

In this section, the methodology for the simulation cases is presented. A total
of three different cases have been simulated. Each case begins with a short case
description, then follows the method for the FVM simulations, and after that the
method for the LBM simulations. This structure is repeated in all three cases.

For all LBM simulations, the immersed boundary method is used as default for
handling moving parts, such as the impeller [5]. All FVM simulations use the MRF
or SM method for all moving parts, how this was implemented for each case will be
presented in a more detailed way for each case.

Most of the FVM simulations were run using 64 CPU cores of the type AMD EPYC
7532 32. The LBM simulations were instead run on GPU of the type NVIDIA
RTX™ 6000 Ada Generation with 48GB memory.

3.1 Casel

The first simulation case involves a biomedical mixing tank with a diameter of 680
mm and an impeller with a diameter of 148 mm. The tank and impeller geometry
are illustrated in Figure 3.1.
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(a) Geometry of the tank in case 1 in the (b) Geometry of the Metenova ZG5
XY-plane. The tank is cylindrical and magnetic mixer.
the impeller is positioned near the
bottom and offset from the center.

Figure 3.1: Geometry of the tank and impeller used in Case 1.

The tank geometry and impeller configuration used in this study are identical to
those investigated in the master’s thesis by Larsson and Lindenbaum [2], where
both experimental and numerical analyzes were performed. Their experimental
data form the basis for the validation of the simulations presented in this work.
In their study, impeller torque was measured to calculate the power number and
mixing time experiments were carried out using saline as a tracer. The mixing time
was determined from conductivity measurements taken at multiple locations within
the tank, allowing estimation of the time required to reach 95% homogeneity.

To evaluate the numerical methods, two different cases were simulated using this
tank geometry. Both cases have also been studied experimentally. The correspond-
ing parameters are presented in Table 3.1.

Table 3.1: Experimental cases with corresponding parameters.

Case A B
Water level [mm] 816 816
Impeller speed [RPM] | 268 337
Reynolds number [-] | 97600 | 123 000

Due to the high Reynolds numbers in both cases, the flow is considered fully turbu-
lent, and a vortex is expected to form at both impeller speeds. Prior to simulation
preprocessing, the impeller geometry was slightly simplified using computer-aided
design (CAD) by removing sharp edges that would otherwise be difficult to mesh.
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3.1.1 FVM simulations - Case 1

For the FVM simulations of case 1, both steady-state and transient approaches
were employed. A three-dimensional, segregated solver was used to compute the
flow field, with the SIMPLE algorithm applied for pressure—velocity coupling. The
fluid densities were assumed constant throughout the simulations. Convergence for
the steady-state simulations was considered achieved when the scaled residuals fell
below 10~*. In the transient simulations, 15 inner iterations were performed per
time step. All tank-walls were considered as no-slip boundaries except for the top
surface where a slip-wall boundary condition was applied.

3.1.1.1 Turbulence Model

The selection of a turbulence model in FVM simulations requires careful considera-
tion, as it can significantly impact key parameters such as velocity profiles, impeller
power number, and mixing time. To assess the impact of different turbulence models
on the results, it is common practice to perform a sensitivity study, comparing mul-
tiple turbulence models to determine the most suitable one for accurately capturing
the flow behavior.

However, based on the work by Larsson and Lindenbaum [2], who studied an iden-
tical setup in terms of geometry and impeller speeds, it was shown that among the
RANS models, only RSM was capable of accurately capturing the vortex develop-
ment. Given that RANS turbulence models are generally more computationally
efficient than higher-fidelity models such as LES or DES, and that RSM provided
sufficient accuracy, it was chosen for the simulations of case 1. Since the focus of
this master’s thesis is not on turbulence model evaluation, further investigation into
turbulence modeling was not included in the study for case 1.

3.1.1.2 Rotational Motion

For the FVM simulations of case 1, the rotational motion of the impeller was modeled
using different approaches depending on the simulation type. For the steady-state
simulations, MRF was employed. For the transient simulations, SM was used, which
explicitly resolves the motion of the rotating domain over time. The time step for the
transient simulations was determined based on the constraint that the rotating zone
should not move more than 1° per time step, ensuring an accurate representation of
the impeller motion while maintaining computational efficiency. This resulted in a
time step size of 0.5 ms for the impeller speed of 337 rpm and 0.6 ms for the impeller
speed of 268 rpm.

Additionally, a sensitivity study was conducted to evaluate how the size of the
rotating zone influenced the simulation results. This analysis was crucial to ensure
that the chosen rotational domain was sufficiently large to capture the relevant flow
dynamics without introducing artificial effects at the interface between the rotating
and stationary regions. In order to determine the most optimal size of the rotating
zone, the simulated impeller parameters were compared to experimental data.
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Figure 3.2: Positioning of the rotating zone within the tank geometry. This
region encloses the impeller and is used in both MRF and SM simulations to
model impeller motion.
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Figure 3.3: Effect of rotating zone radius on power number and volume-averaged

velocity.

The power number, shown in Figure 3.3a, was determined using Equation 2.4. Since
the impeller speed and diameter are known, the only required variable for the calcu-
lation was the impeller torque. The volume average velocity, shown in Figure 3.3b,
is the volume average velocity throughout the whole tank. Thus, it was concluded
that a rotating zone with a radius of 0.11 meters were most similar to the exper-
imental data of the power number obtained in the master’s thesis by Larsson and

Lindenbaum [2]. The experimental data is presented in chapter 4.
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3.1.1.3 Mesh

The volume mesh was generated using a polyhedral mesher with additional prism
layers and surface remesher. For wall functions the Two-Layer All y+ Wall Treat-
ment was applied for all meshes. Prism layers were applied to the tank walls and
the impeller. The number of prism layers for the tank walls was set to 6 and 7 for
the impeller. The size of the prism layers was chosen so that the y+ was below 5
for the tank walls and below 1 for the impeller. Furthermore, two additional prism
layers were applied, one on each side of the interface, based on recommendations
from STAR-CCM+ for meshing a cylindrical interface between a rotating and a
stationary region [39)].

All meshes tested for case 1 had the interface target surface size set to 50% of the
maximum cell size and the cell size in the MRF region set to 25% of the maximum
cell size. The growth rate was set to 1.2 to ensure a slow transition from the finer
mesh areas.

3.1.1.4 Mesh Independence Study

To ensure the accuracy and reliability of the CFD simulations, a mesh independence
study was conducted using the RSM turbulence model with a single-phase setup.
Only steady-state solutions were considered throughout the study, and the study
was performed at only one impeller speed, 337 RPM. The mesh study focused on
evaluating the effect of mesh resolution on a few key performance parameters, which
were the impeller power number, pumping number, volume-averaged velocity and
the velocity magnitude along a probe placed in the middle of the tank. To assess
the rate of convergence, the GCI method was applied with a tolerance of 1% for the
key parameters.

The mesh independence study was based on previous work by Larsson and Linden-
baum [2], which indicated that at least 1.5 million cells were necessary to obtain
reliable results. Therefore, the study was initiated at this resolution, and the num-
ber of cells was progressively increased. The cell count was increased by a factor
of approximately 1.2-1.3 between each mesh. Refinement was performed by adjust-
ing the maximum cell size im the volume mesh and the target size on the impeller
surface, which increased the total number of cells while maintaining a structured
refinement approach. The number and thickness of the prism layers were kept con-
stant throughout the mesh independence study. Table 3.2 presents the different
mesh configurations that were tested.

Figure 3.6 shows the variation of the chosen parameters with an increasing number
of cells. The pumping number, shown in Figure 3.4b, was calculated using Equa-
tion 2.6, where N is the impeller speed in revolutions per second and D is the
impeller diameter. Thus, the volumetric flow rate was the only remaining parame-
ter to be obtained from the simulations. To accurately measure the volumetric flow
rate around the impeller, a cylindrical surface with a diameter of 150 mm (2 mm
larger than the impeller) was placed around it. Larsson and Lindenbaum examined
the effect of cylinder height and concluded that a height of 50 mm is sufficient to
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Table 3.2: Mesh settings used in the mesh independence study for Case 1,
including total cell count, maximum cell size, and target size on the impeller

surface.
Number of cells | Maximum cell | Impeller surface
[million)] size [mm] target size [mm)]
1.53 20 0.9
2.04 15 0.8
2.68 10 0.8
3.49 8.0 0.7

capture the volumetric flow rate [2].

Furthermore, the velocity magnitude was measured along a probe placed in the
middle of the tank for each tested mesh. The result is shown in Figure 3.5.

0.8¢ = 1.5 million cells
2.0 million cells
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Figure 3.5: Velocity magnitude along a central vertical probe in the tank for
different mesh resolutions. The probe is positioned at the center of the tank and
aligned with the vertical axis.

The GCI obtained from the mesh with 2.0 million cells was below the set 1% tol-
erance for all evaluated parameters. Together with the convergence of the power
number and pumping number shown in Figure 3.4, this indicates that a mesh-
independent solution is achieved with approximately 2.0 million cells. Furthermore,
the velocity magnitude measured along the probe, shown in Figure 3.5, reinforces
this conclusion.

Figure 3.6 presents the final mesh with about 2 million cells, were Figure 3.6a shows
the meshed tank in the XY-plane while Figure 3.6b shows a close-up of the mesh of
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Figure 3.4: Mesh independence study for the FVM simulations in Case 1 with
power number, pumping number, and volume average velocity analyzed as
functions of the number of cells.

the MRF zone in the XY-plane.
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(a) Cross sectional mesh configuration in (b) Cross sectional mesh configuration
the XY-plane over the tank. in the XY-plane around the impeller.

Figure 3.6: Mesh configuration for final mesh in Case 1.

3.1.1.5 Mesh Refinement for VOF

To accurately capture the formation of the vortex, the mesh was refined again once
the VOF model was activated. The mesh was applied to the top of the tank as well,
where the air was located. The cell size was reduced to 4 mm at the water surface
and 2 mm in the area where the vortex was predicted to form. At an impeller
speed of 268 RPM, the refined mesh resulted in approximately 4.2 million cells. By
observing the formation and placement of the vortex in the simulation with the lower
impeller speed, a more precise refinement area could be identified. By reducing the
refinement area, the cell count could be reduced to approximately 3.5 million. To
save computational time, the mesh with a smaller refinement area was used during
the simulations with higher impeller speed.

Since this mesh size was shown to be accurate enough to capture the vortex in the
earlier work by Larsson and Lindenbaum, which used the same geometric setup, no
further mesh refinement study was performed [2]. Figure 3.7 shows the refined mesh
in the XY-plane.
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N
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Figure 3.7: Cross sectional mesh configuration in the XY-plane with refinement
for VOF.

3.1.1.6 Capturing the Vortex

To reduce the computational time, the VOF simulations were initialized using a
previously computed steady-state flow field. A surface tension force of 0.072 N/m
was included in the VOF model. Once the vortex had formed and stabilized, an iso
surface was created based on the volume fraction of water. This isosurface was then
treated as a geometry part and excluded from the fluid domain. By doing this, the
vortex could be handled as a slip-wall boundary, which allowed for faster and more
stable mixing time evaluations. The same approach was used in previous studies by
Larsson and Lindenbaum and Pekkulla et al. [2, 6]. An overview that summarizes
the method is illustrated in Figure 3.8.
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Figure 3.8: Overview of the method used to capture the vortex in FVM, enabling
the vortex to be modeled as a slip-wall boundary. An isosurface representing the
air-water interface is extracted from the volume fraction field (left), and the
domain above this interface is excluded to simplify the geometry. The tank and
vortex shown is simulated in Case 3, where the same approach is applied as in
Case 1.

3.1.1.7 Determining Mixing Time

To estimate the mixing time a passive scalar was used. 100 cm? tracer was injected
at the application point, shown in Figure 3.9, on a frozen flow field obtained from
steady simulations, to reduce the computational effort. The properties of the tracer
were determined by the Schmidt number and the turbulent Schmidt number. The
Schmidt number was set to 450 based on self-diffusion of water and the turbulent
Schmidt number to 0.7.
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Figure 3.9: Location of measurement points and tracer application point used for
the mixing time analysis.

The tracer concentration was measured at the three points shown in Figure 3.9. The
three points were positioned to match the probe locations used in the experimental
setup. Mixing was considered complete when the normalized tracer concentration
at all three measurement points remained within the range 0.95 to 1.05. In addition,
CV was calculated based on the standard deviation and the mean tracer concentra-
tion. Mixing was considered complete when the CV dropped below the threshold
value of 0.0283.

3.1.2 LBM simulations - Case 1

Below follows a brief description of the simulation method used for the LBM sim-
ulation of case 1. To enable a fair comparison, the setup was designed to resemble
the FVM simulation as closely as possible.

3.1.2.1 Models

In order to effectively capture the flow field and the formation of the vortex, the free
surface model was applied in M-Star. It was primarily chosen over the immiscible
two fluid model because it is more computationally affordable since only the liquid
phase is solved, and the gaseous phase (air) is treated as a background fluid. Simu-
lations with the immiscible two fluid model were run in order to ensure that the free
surface model did not exclude any accuracy regarding the formation and movement
of the vortex. However, since it was found that the two models gave similar results,
the immiscible two fluid model was not investigated further due to the increase in
simulation time compared to the free surface model.
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Furthermore, a three-dimensional, transient solver was used to compute the flow
field. The LES turbulence model was applied together with VOF in order to model
the interface, on a D3Q19 grid. A surface tension force was included with a constant
value of 0.072 N/m. Once the vortex had stabilized, a passive scalar was inserted
at the application point shown in Figure 3.9. The concentration of the tracer was
then measured in the three probes shown in Figure 3.9, and the mixing time was
also determined by measuring CV in an equal way as in the FVM simulations.

The time step was determined on the basis of the Courant number, which was
set between 0.01 and 0.1 for the simulations, according to recommendations in the
M-Star documentation. Furthermore, the dependence of timestep was investigated
by running simulations with two different timestep sizes. The chosen time step
sizes were based on the Courant number, which were set to 0.05 and 0.01. This
corresponds to a timestep size of 66 and 32 us, respectively. Although the time step
size was decreased by 50%, the effects on the impeller parameters were minimal, so
it was determined that a time step size of 66 us could be used to save computational
time.

3.1.2.2 Resolution Independence Study

To ensure the accuracy and reliability of the CFD simulations, a resolution re-
finement study was conducted using the LES turbulence model with free surface
modeling of the interface. According to the M-Star documentation, achieving an ac-
curate prediction of shaft power and power dissipation in the fluid requires between
80 and 100 lattice points per impeller diameter [5]. This corresponds to a resolution
of approximately 400 to 500 lattice points across the tank diameter. A higher reso-
lution than 500 lattice points across the tank diameter was not possible to achieve
since that would require more memory than available on the GPU. However, lower
resolutions were also included in the study to provide a complete evaluation of their
impact on key parameters.

The parameters analyzed in this resolution dependence study were the same as those
examined in the mesh independence study for FVM, ensuring a fair comparison.
However, since M-STAR is inherently a transient solver, only fully transient solutions
were performed in this study. Additionally, the resolution independence study was
carried out exclusively for the higher impeller speed of 337 RPM. The power number
and pumping number were determined in the same way as in the FVM simulations,
described in Section 3.1.1.4.
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Figure 3.10: Resolution independence study for the LBM simulations with power
number, pumping number, and volume average velocity analyzed as functions of
the number of lattice points.

Figure 3.10 shows the result for the chosen parameters measured in the resolution
study. It was determined that a grid with about 75 million cells was sufficient, which
corresponds to 400 lattice points across the tank diameter.

3.2 Case 2

The second simulation case involves a wastewater digester mixer. This digester
features mechanical mixing with side agitation using a draft tube and a freewheeling
impeller. The tank has a diameter of 18 m, a height of 9.85 m and a volume of 1932
m3. The tank geometry and the coordinate system axes are shown in Figure 3.11.
The origin is defined at the center of the tank bottom, excluding the lowered section.
Both impellers are oriented along the Y-direction and are positioned in a horizontal
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plane where z = 0.075 m. The draft tube opening is positioned 25 cm below the top
surface. The freewheeling impeller is referred to as impeller 1, while the impeller
driving the flow through the draft tube is referred to as impeller 2.

Figure 3.11: Geometry of tank in case 2.

The fluid is a type of sludge, modeled as a non-Newtonian fluid with shear-thinning
properties. Considering the complexity of sludge, certain assumptions and simpli-
fications are necessary to model its characteristics. Since sedimentation in digester
occurs over a timescale of years, while the simulation time in this case is only one
hour, the effect of sedimentation can be neglected. As the trajectories of individ-
ual debris are not relevant to the analysis, the sludge is treated as a single phase
as often applied according to previous research. The Herschel-Bulkley model is
adopted to describe the rheology of the fluid according to Equation 2.2. To prevent
non-physical divergence at low shear rates and unrealistically low apparent viscosity
values at high shear rates, the model introduces lower and upper boundaries for the
apparent viscosity, denoted as iy, and fimayx, respectively. Case 2 is further divided
into two simulation scenarios, each characterized by fluids with different yield stress
thresholds and consistency factors referred to as fluid A and B. The fluid properties
for the two different fluids simulated in this case can be found in Table 3.3.
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Table 3.3: Fluid properties for fluid A and fluid B

Parameter | Fluid A | Fluid B
fmin [Pa - $] 0.001 0.001
fmax [Pa - s] 1000 1000

k[ 1.134 4

po [Pa - s] 1000 1000
70 [Pal 1.377 1.8
n [-] 0.3 0.3
p kg/m?) 1000 1000

3.2.1 FVM Simulations - Case 2

A three-dimensional, steady, segregated solver was used to compute the flow field.
The SIMPLE pressure-velocity coupling algorithm was applied. The sludge prop-
erties were modeled using a non-Newtonian generalized power law for the dynamic
viscosity, assuming constant density. All tank walls and the bottom were defined as
no-slip boundaries, while the lid was set to free-slip to replicate a free surface con-
dition. The rotational speed of both impellers was fixed at 450 rpm. Convergence
was assumed when the scaled residuals dropped below 1 - 107

3.2.1.1 Turbulence Model

The standard k— turbulence model was used for both fluid cases, with standard wall
function approximations applied near the walls. The choice of turbulence model was
based on previous research.

3.2.1.2 Rotational Motion

The rotational motion for the FVM simulations was modeled using the MRF method.
Impeller 2 is located inside the draft tube structure, with the blades positioned
within a pipe with a diameter of 0.35 m, which was applied as the MRF cylinder
diameter combined with a length of 0.2 m. Due to the complex geometry surround-
ing Impeller 2, the size of its MRF zone is highly constrained. Consequently, the
MRF zones for both impellers were kept minimal, focusing primarily on the regions
around the blades. Both MRF zones are shown in Figure 3.12. As the impeller shafts
are located outside the defined rotating zones, a local rotation rate was assigned to
capture their rotational motion accurately. A zone with a constant diameter but
twice the length (0.4 m) was tested to ensure that the results were independent of
the MRF zone size, which the simulation confirmed.
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(a) Rotating zone for impeller 1. (b) Rotating zone for impeller 2.

Figure 3.12: Positioning of the rotation zones for both impellers in the tank
geometry.

3.2.1.3 Mesh

The core volume mesh was generated using a polyhedral mesher with additional
prism layers and surface remesher to accurately capture the flow characteristics
near the walls. Five prism layers were applied to all walls. The size was set to
satisfy the y+ requirements for the chosen k-¢ turbulence model. Mesh refinements
were applied in regions with large gradients, primarily within the MRF zones, as
the impeller areas are the main sources of turbulence. The custom cell size in these
zones was maintained at 8% relative to the base size. To ensure a smooth transition
between zones, the custom size at the interface was set to 50% of the base size. Two
prism layers were applied, one on each side of the interface. The growth rate was
set to 1.2 to ensure a slow transition from the finer mesh areas. Eight prism layers
were applied for the impeller surfaces to keep the y+ for the impellers below 3 to
ensure that the near-wall region was well resolved.

3.2.1.4 Mesh Independence Study

To ensure that the numerical results were not significantly affected by spatial dis-
cretization, a systematic mesh convergence study was performed for the setup with
fluid A. Five different mesh configurations were evaluated, with a refinement ratio, r,
ranging from around 1.2 to 1.3. The mesh configurations used in the study are pre-
sented in Table 3.4. To assess the rate of convergence, the GCI method was applied
with a tolerance of 1% for the volume-averaged dynamic viscosity and the volume-
averaged dynamic viscosity standard deviation, as viscosity in a non-Newtonian fluid
is the most challenging parameter to converge.
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Table 3.4: Mesh parameters used in the core mesh study.

Base size | Custom size | Number of cells
[mm)] [mm] [million]
177 14.2 0.823
160 12.8 1.03
145 11.6 1.29
130 10.4 1.67
118 9.44 2.15

A visualization of the measured parameters as a function of the number of cells is
shown in Figure 3.13.
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Figure 3.13: Core mesh study for case A with three tank parameters analyzed.

Parameters measured in the MRF zone, such as power number and torque, were
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also analyzed during the mesh study. As these parameters converged within the
main mesh study, no additional refinement study was required for the MRF region.
A visualization of the measured parameters as a function of the number of cells is
shown in Figure 3.14.
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Figure 3.14: Core mesh study for case A with two key MRF parameters analyzed.

The analysis showed a decreasing relative difference in the measured parameters as
the cell size decreased. The mesh with 1.29 million cells exhibited strong agreement
with the values obtained for the two finer meshes, and the GCT%, _ value dropped
below the tolerance, confirming a mesh-independent solution.

To ensure the numerical accuracy of Case B with fluid properties stated in Table 3.3,
the same mesh study used for fluid A was adopted. Since the parameters in the MRF
zone also converged within the main mesh study, no additional refinement study was
necessary. The GCI values dropped below 1% at the same mesh resolution as in the
previous study, confirming mesh independence. The GC’I}%M values for fluid A and
fluid B are presented in Table 3.5.
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Table 3.5: GCI analysis for Case A and Case B with volume average viscosity
and volume average standard deviation as parameters for the selected mesh.

Case A Case B
Parameter | GCIY, . | Parameter | GCI7, .
Viscosity 0.800 Viscosity 1.29e-15
Viscosity std | 1.75e-5 | Viscosity std | 9.13e-20

The structure of the selected mesh with refinements in the MRF regions is displayed
in Figure 3.23 with a clear boundary for the interfaces between rotating and static

region.
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(a) Cross sectional mesh (b) Cross sectional mesh
configuration in the XY-plane for configuration in the XY-plane for
rotation zone around impeller 1. rotation zone around impeller 2.

(c) Cross sectional mesh configuration in
the XY-plane over the tank.

Figure 3.15: Mesh configuration for final mesh in case 2.

3.2.1.5 Determining Mixing Time

To evaluate the mixing time for both fluid cases, a tracer was modeled as a passive
scalar and introduced as a 1 m? cylindrical volume within the draft tube at the top
of it. The initial tracer position is shown in Figure 3.16.

44



3. Methods

‘ Passive Scalar

Figure 3.16: Initial tracer fluid location on a plane intersecting the center of the
draft tube.

To evaluate the mixing time, 85 probe points were distributed throughout the tank
to measure the normalized concentration of the tracer. The probe points were
arranged across five planes at z = 0.02, 2.46, 4.93, 7.39, and 9.85 m. On each plane,
17 points were positioned at » = 0, 2, and 6 m, with an angular spacing of 45°,
allowing estimation of the time required to reach 95% homogeneity. The positions
of the planes across different height levels in the tank, as well as the distribution of
probe points over a plane, are shown in Figure 3.17.

(a) Distribution of probe points across (b) Distribution of probe points over each
four different heights, z = 0.02, 2.46, plane at » = 0, 2, and 6 m with an angular
4.93, 7.39, and 9.85m spacing of 45°

Figure 3.17: Distribution of probe points across the tank for measuring of tracer
concentration.

For the mixing time simulations, an implicit unsteady solver algorithm was used
instead of a steady-state approach. The tracer fluid was modeled as a passive scalar
with convection-only transport. The time step size was set to 5.18 - 1072 s in order
to maintain a Courant number of 0.05, based on the volume-averaged tank velocity
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and the base mesh size for fluid A. To achieve the same Courant number when
using fluid 2, the time step size was increased to 8.06 - 1072 s due to the lower mean
velocity in the tank. For both cases, a simulation with a Courant number of 0.01 was
conducted to verify time step independence. As the results showed good agreement
with those obtained using a larger time step, a Courant number of 0.05 was selected
for the final simulations. The passive scalar was introduced into a frozen flow field
obtained from a converged steady-state solution. The maximum number of inner
iterations was set to 15. The tracer was considered as mixed when the dimensionless
concentration was within a range between 0.95 and 1.05 in all 85 probe points.

3.2.2 LBM Simulations - Case 2

Below follows a brief description of the simulation method used for the LBM sim-
ulation of case 2. Similar to case 1, the setup was designed to resemble the FVM
simulation as closely as possible.

3.2.2.1 Models

A three-dimensional, transient solver was used to compute the flow field. All tank
walls and the bottom were defined as no-slip boundaries, while the lid was set
to free-slip to replicate a free surface condition. A scalar field model was used
to evaluate the mixing time. The scalar was injected at the same location as in
the FVM simulations, and the dimensionless concentration was measured at probe
points positioned identically. The scalar injection was initiated after the flow field
had reached convergence and the entire simulation was carried out in transient mode.

3.2.2.2 Resolution Independence study

To ensure a lattice independent solution, a uniform resolution dependence study
was conducted without any local refinement. The resolution, defined as the amount
of lattice points across the tank diameter, was varied. Since the flow around the
impellers is critical for mixing in the tank, and these values converged much faster
than global parameters such as mean velocity, the study focused on impeller related
parameters. The uniform lattice study showed that the highest resolution achievable
without exceeding the capacity of the GPU memory was a resolution of 700 lattice
points, corresponding to a total of 224.11 million lattice points in the domain. The
LES turbulence model and the D3Q19 lattice type was used. The time step size was
based on the Courant number, kept at 0.1. The results from the simulations are
presented in Table 3.6, where index 1 and 2 represent impeller 1 and impeller 2.
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Table 3.6: Uniform lattice study

Resolution 300 | 500 | 700

dx [m] 0.053 | 0.032 | 0.022

Lattice points [million] | 17.6 | 81.7 | 224
Np1 [] 4.30 | 231 | 1.48

Nps [] 171 | 2.00 | 1.66

Ty [Nm] 2920 | 1590 | 999

T> [Nm] 1180 | 1370 | 1130

Since the values did not converge in the uniform resolution study, a refinement
study was conducted to accurately resolve the flow around both impellers. The
ILES turbulence model for the simulations since this was the required turbulence
model in M-Star when using a lattice refinement. The courant number was kept
constant at 0.1.

To verify that the results were not sensitive to the size of the refinement zone, a
size independence study was carried out using a resolution of 200 lattice points and
a refinement level of 2 in the refinement zone. In all simulations, the refinement
zone had a cylindrical shape and the Courant number was kept constant at 0.1.
Three different lengths were tested while maintaining a fixed diameter of 0.35 m,
corresponding to the diameter of the pipe in which impeller 2 is located. The tested
lengths were 2, 3 and 4 m, measured from the connection point between the shaft and
the wall. The resulting torque and power number values for both impellers showed
negligible differences between the 2 m and 3 m cases. Based on these findings, the
length was fixed at 2 m for the remaining tests, and the diameter of the refinement
zone was varied. The tested diameters were 0.35, 0.5, 0.75, and 1 m. The results
showed that the solution became independent of the refinement zone diameter from
0.75 m and above. Based on these results, the final refinement zone was set to a
diameter of 0.75 m and a length of 2 m.

To evaluate the convergence of the impeller parameters with applied refinement, a
refinement study was conducted where the spatial resolution at the impellers, dz.,.,
was reduced by a factor of two between each configuration. Due to hardware lim-
itations, it was not possible to achieve a resolution finer than dz, = 0.005 without
exceeding the capacity of the GPU memory. The configurations for the tested reso-
lutions are listed in Table 3.7, and the corresponding results are presented in Table
3.8.

Table 3.7: Refinement mesh setups and spatial resolution.

Resolution Refinement da, [m] Lattic.e .points
level [million]
rl 200 2 0.020 4.56
r2 200 3 0.010 9.76
r3 200 4 0.005 17.3
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Figure 3.18: Lattice structure with refinement around the impeller and a
transition layer from the refinement zone and the main lattice.

Table 3.8: Results from refinement study.

Np1 [-] | Np2 [] | Ty [Nm] | T; [Nm]
rl 1.19 1.23 810 841
r2 | 0.608 0.767 415 520
r3 | 0.597 0.605 408 412

Due to the increased size of the refinement zone, the computational cost of the
simulations also increased. An estimation of the simulation time required to reach
4000 seconds of physical time was conducted for each configuration, since 300-400 s
is required for the flow field to converge and 3600 s for mixing. The estimated run
times for configurations rl, r2, and r3 were approximately 30, 130, and 840 hours,
respectively. Considering the limited time frame of this thesis, configuration r1 was
selected for the mixing time simulations. The structure of the lattice at a plane
through impeller 1 where, including the refinement zone and transition layer, is
presented in Figure 3.18. Since reducing the Courant number significantly increased
the simulation time, a time step sensitivity analysis was not performed for the mixing
time study.

3.2.3 Additional Simulations

Since no other simulation setup was feasible to run for the mixing time simulation,
considering the time constraint, some shorter diagnostic simulations were performed
to investigate which factors influenced the results. All simulations were run until
both velocity and viscosity had converged.
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The tested configurations included a setup with configuration r2 (see Table 3.7),
a uniform lattice, and a reduced timestep. The uniform lattice setup used an x-
resolution of 700 lattice points as described in Table 3.6. Since no refinement was
used in this setup, the LES turbulence model was chosen which allowed using the
D3Q19 lattice type that increases the computational efficiency. A simulation with
a Courant number of 0.05, half the size of the used Courant number, was also
conducted using configuration rl.

3.3 Case 3

The tank investigated in case 3 is a type of biomedical tank similar to the tank
in case 1. However, compared to the tank in case 1, this setup represents a more
typical configuration for mixing particles. The tank in case 3 has a diameter of
0.3 meters and a height of 0.55 meters, with the water level at 0.42 meters. A
pitched blade impeller with a 70° blade angle is used, and the impeller diameter
corresponds to half the tank diameter. The geometry of the tank and the impeller is
presented in Figure 3.19. The rotation of the impeller creates a vortex at the water
surface, making this a more complex mixing case. As a result, the system needs
to be modeled as a three-phase flow, with gas, liquid, and solid phases simulated
simultaneously.

(a) Geometry of Tank 3 in the XY-plane. (b) Geometry of the pitched blade
The tank is cylindrical and equipped impeller used in Tank 3, with a blade
with a centrally mounted impeller.  angle of 70° and a diameter equal to
half the tank diameter.

Figure 3.19: Geometry of the tank and impeller used in Case 3.
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Table 3.9: Operational and particle-related parameters for the biomedical tank
configuration simulated in Case 3.

Parameter Value
Water level [mm] 420
Impeller speed [RPM] 173
Particle Diameter [mm)] 0.08

Particle Density [kg/m?] 1970
Volume fraction of particles | 0.005

In order to validate the numerical approaches, the results obtained from both sim-
ulation softwares will be compared with experimental data from the work by Shan
et al., who conducted experiments in an identical tank configuration [1]. The aim
is to evaluate how well the particle distribution in the mixing tank is represented.
Table 3.9 shows the properties of the tank, particles and fluids.

3.3.1 FVM Simulations - Case 3

For the FVM simulations, a three-dimensional, segregated solver was used to com-
pute the flow field. The SIMPLE model was used for pressure-velocity coupling. The
fluid densities were assumed constant throughout the simulations. The simulations
were considered to be converged when the residuals for continuity and momentum
were below 1-10~%. The final simulations were run with a transient solver, however,
the mesh independence study were performed with a steady solver in order to save
computational time. For the transient simulations, the inner iterations were limited
to 15 per time step. The suitable time step size was determined to be about 0.001
s, according to the rule of thumb for SM that the rotating zone should move about
1 degree per time step.

3.3.1.1 Rotational Motion

Similar to the FVM simulations in case 1 and 2, a sensitivity study was conducted to
evaluate how the size of the rotating zone influenced the simulation results. In order
to ensure that the results were independent of the size of the rotating zone, a few
relevant parameters were measured for different radii of the zone. The location and
shape of the cylindrical rotating zone used in these simulations is shown in Figure
3.20.
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Figure 3.20: Positioning of the rotating zone within the tank geometry for Case
3.

As seen in Figure 3.21, increasing the radius of the rotating zone from 0.10 m to
0.12 m had a negligible impact on both the power number and the volume-averaged
velocity. Based on these findings, a radius of 0.10 m was used in the final simulations.
Additionally, test simulations were conducted where the height of the cylindrical
rotating zone was increased from 0.10 m to 0.12 m. These tests also confirmed that
the height variation had no noticeable effect on the results.
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(a) Power number as a function of (b) Volume-averaged velocity as a
rotating zone radius. function of rotating zone radius.

Figure 3.21: Effect of rotating zone radius on power number and
volume-averaged velocity in Case 3.
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3.3.1.2 Turbulence Model

Given the relatively small particle size, the particles are expected to be influenced by
the turbulent structures in the flow. Previous studies have shown that the k—¢ tur-
bulence model provides results of sufficient accuracy for similar mixing applications

1, 6].

3.3.1.3 Mesh

Mesh generation for the tank in this case followed the same meshing strategy as
described for the tank in case 1, using the polyhedral mesher combined with prism
layers and the surface remesher. The Two-Layer All y4+ Wall Treatment was again
applied for all wall boundaries. The number and placement of prism layers, as well
as the treatment of the cylindrical interface between the rotating and stationary
regions, remained unchanged. The maximum cell size and the target surface size on
the impeller was adjusted to reach mesh independence. All other meshing parame-
ters, including growth rate and boundary conditions, were kept consistent with the
first case.

3.3.1.4 Mesh Independence Study

As in the previous case (see Section 3.1.1.4), only steady-state, single-phase simula-
tions were performed at a constant impeller speed of 173 RPM.

Table 3.10: Mesh independence study for the FVM simulations in Case 3,
including total cell count, maximum cell size, and target size on the impeller

surface.
Number of cells | Maximum cell | Impeller surface
[million)] size [mm] target size [mm)]
0.580 15 1
0.768 12 0.9
1.05 10 0.8
1.36 9 0.7
1.78 7 0.7

The refinement for this tank are summarized in Table 3.10, ranging from approxi-
mately 0.6 to 1.8 million cells. The cell count was increased progressively by modify-
ing the maximum cell size and impeller surface target size, using a similar refinement
factor as in the previous cases.
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Figure 3.22: Mesh independence study for the FVM simulations in Case 3 with
power number and volume average velocity analyzed as functions of the number of
cells.

To evaluate mesh sensitivity, the same key parameters were monitored as in the sen-
sitivity study of the MRF region. Figure 3.22 shows how these quantities vary with
increasing mesh resolution. The results indicate that the solution stabilizes around
1.05 million cells. This is further supported by GCI estimates, which remained below
1% for both parameters at this resolution.

(a) Cross sectional mesh configuration in (b) Cross sectional mesh configuration in the
the XY-plane over the tank. XY-plane around the impeller.

Figure 3.23: Mesh configuration for the mesh used in Case 3.
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Figure 3.23 displays the mesh used for solving the flow field.

3.3.1.5 Vortex Simulation Approach

The transient simulations were initiated from the steady-state solution obtained
from the mesh independence study. The VOF solver was applied, together with a
surface tension force between water and air of 0.072 N/m. In order to refine the
mesh to sufficiently capture the vortex, the adaptive mesh solver was applied. An
adaptive mesh criterion was set up based on the volume fraction of water. Regions
where the water volume fraction was less than 0.2 were refined with a maximum
refinement level of 3. The mesh was updated every 0.25 seconds until the vortex
reached a stable shape and desired size.

Once the vortex had formed, the free surface was exported as a geometry part
and excluded from the fluid domain in a similar way as in case 1. The adaptive
mesh solver and VOF solver were then disabled, and the mesh was refined manually
around the water surface using a target surface size of 50% which corresponds to
0.005 mm. A free-slip boundary condition was applied to the vortex surface. Figure
3.24 shows the final mesh used for the particle simulations.

Figure 3.24: Cross sectional mesh configuration in the XY-plane used for the
particle simulations after vortex formation in Case 3.

The simulation was then run for an additional 4 seconds to allow the flow field to
stabilize before particle injection.
3.3.1.6 Evaluation of Particle Distributions

To simulate the particle phase using the FVM approach, the Lagrangian multiphase
model was applied. The number of particles injected corresponded to a solid holdup

of 0.005.
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To evaluate how the particles were distributed in the tank, five probe arrays were
placed similarly to the experimental setup. Each array contained six equally spaced
probe points located at five different heights: 0.14, 0.20, 0.24, 0.28, and 0.35 meters
from the bottom of the tank. The probe positions are illustrated in Figure 3.25.

Figure 3.25: Location of probe arrays used to evaluate particle distribution in
the biomedical tank configuration of Case 3. Each array contains six equally
spaced probe points placed at five different heights in the y-direction: 0.14, 0.20,
0.24, 0.28, and 0.35 meters from the bottom of the tank.

Particles were injected just below the water surface over a time span of 0.1 second.
The simulation then continued for approximately 1 minute to allow the particles to
distribute within the fluid domain. The solid volume fraction was measured along
the probe arrays shown in Figure 3.25 and averaged over the following 32 seconds,
in order to match the experimental setup.

To reduce computational time, the use of particle parcels was considered, since the
total number of individual particles was extremely large due to their small size.
Parcels are groups of particles treated as single entities. However, this approach
introduced challenges as a sufficient number of parcels was still required to achieve
valid results. The large number of parcels leads to long simulation times. Unfor-
tunately, there was not enough time within the project to resolve these issues and
perform a complete evaluation using the FVM approach.

3.3.2 LBM Simulations - Case 3

Below follows a brief description of the simulation method used for the LBM sim-
ulation of case 3. Similar to case 1 and 2, the setup was designed to resemble the
FVM simulation as closely as possible.
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3.3.2.1 Models

In the second biomedical tank, the free surface model is once again applied in the
LBM solver. Similar to the biomedical tank 1, a three-dimensional transient solver
was applied. LES was used as for turbulence model and VOF was applied for solving
the interface between the air and water. A D3Q19 lattice was used. A surface tension
force between air and water of 0.072 N/m was applied. The immersed boundary
method was used in order to model the rotating body. Once the flow field and
vortex had stabilized (about 20 seconds), the particles was injected. This was done
by dumping the amount of particles which corresponds to a solid holdup of 0.005
in the tank. The inertial particle solver was used in LBM solver, which models
particles with mass and movement according to Newton’s second law, with uniform
initial size distribution. The inertial particle momentum is modeled as one-way
coupled to the fluid. Furthermore, injection downsampling was applied while using
the inertial particle solver. Injection downsampling reduces the number of explicitly
tracked particles by grouping many identical particles into parcels. Each parcel
represents multiple particles but maintains the same diameter as a single particle.
This approach lowers memory usage while preserving overall mass and interaction
effects through internal scaling.

The simulation was first run with only gravity force and drag force activated, and
then a second simulation were run where virtual mass and lift force were included in
the simulation result. The additional forces in the simulation showed no significant
impact on the measured particle distribution.

3.3.2.2 Resolution Independence Study
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(a) Power number as a function of  (b) Volume average velocity as a function
number of lattice points. of number of lattice points.

Figure 3.26: Resolution independence study for the LBM simulations in Case 3
with power number and volume average velocity analyzed as functions of the
number of lattice points.
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A resolution independence study was performed for Case 3. According to the M-Star
documentation, an accurate solution typically requires between 80 and 100 lattice
points per impeller diameter [5]. In this study, resolutions ranging from 100 to 500
lattice points across the tank diameter were tested. A resolution of 200 lattice points
across the tank, corresponding to 100 lattice points across the impeller, was found
to be sufficient. This is in line with the documentation and resulted in a total of
approximately 18 million lattice points.

The resolution was considered sufficient primarily based on the convergence of the
power number, which showed minimal variation beyond this resolution. Figure 3.26
presents the results of the resolution study, where both power number and volume
average velocity were evaluated.
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Results

This chapter presents the relevant results from the simulations performed, as de-
scribed in the methodology, for each case. For Case 1 and Case 2, the flow field
and impeller-related results are shown first, followed by the mixing time and solver
performance. For Case 3, flow and impeller results are presented first, followed by
particle distribution results.

4.1 Case 1

This section presents the simulation results for case 1 using both the FVM and
LBM methods. The results include analysis of the flow field and vortex formation,
comparison of impeller parameters, evaluation of mixing time and comparison of
computational efficiency based on solver time.
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4.1.1 Flow Results

Velocity
[m/s]
m<23

(a) Steady-state FVM simulation. (b) Transient FVM simulation.
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(c) LBM simulation.

Figure 4.1: Cross sectional velocity field for the FVM steady-state, FVM
transient, and LBM simulations at an impeller speed of 337 RPM. Vortex
formation is visible in both the transient FVM and LBM flow fields.

Figure 4.1 shows the velocity field for the three simulations at 337 RPM. The steady
FVM simulation gives a smooth and symmetric flow, without unsteady structures.
The transient FVM simulation captures vortex formation and asymmetry in the jet
region. The LBM simulation shows a more detailed flow, with stronger velocity
gradients and smaller flow structures across the tank.

60



4. Results

4 )
/& £}
(a) Transient FVM simulation. (b) LBM simulation.

Figure 4.2: Vortex shape captured in the FVM transient and LBM simulations
at an impeller speed of 337 RPM.

Figure 4.2 shows the vortex shape in the FVM and LBM simulations at 337 RPM.
The FVM vortex is wider and longer. The LBM vortex is narrower and shifts slightly
sideways over time. This lateral motion is not captured in the FVM simulation,
where the vortex stays mostly fixed.

“

Figure 4.3: Time-averaged vortex surface from the transient FVM simulation at
337 RPM.

Figure 4.3 shows the average vortex from the FVM simulation at 337 RPM. Since
the vortex fluctuates during the simulation, a time average was used to get a more

61



4. Results

representative shape. The averaging also made it possible to analyze mixing without
simulating the full transient vortex, which would have required much longer simu-
lation times. In contrast, the LBM solver is significantly faster and has no difficulty
resolving the transient vortex while simultaneously solving the passive scalar, so
averaging was not necessary in that case.

Corresponding vortex visualizations for the impeller speed of 268 RPM are provided
in Appendix A.0.1.
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(a) Vortex depth over time for FVM and (b) Vortex depth over time for FVM and
LBM simulations at 337 RPM. LBM simulations at 268 RPM.

Figure 4.4: Vortex depth development in FVM and LBM simulations at two
impeller speeds.

Figure 4.4 shows the vortex depth over time for both simulation methods. At 337
RPM, the FVM simulation predicts a deeper vortex than LBM. At 268 RPM, FVM
reaches about 0.6-0.7 m quickly and stays at that level, while LBM builds up more
slowly and stays below a value of 0.25 m. In FVM, fluctuations in vortex depth are
present throughout the simulation but occur in a relatively consistent pattern. In
contrast, LBM shows large variations in vortex depth that appear more irregular
and less predictable. Based on experimental results, LBM clearly underestimate the
vortex depth.

4.1.2 Impeller Parameters

For the impeller speed of 337 RPM, the power number results shown in Table 4.1
indicate that all three simulations predict the power number to be within the un-
certainty of the experiment. However, all simulations result in a power number that
falls within the upper range of the margin of error.

For the pumping number at 337 RPM, no experimental data is available. The steady
and transient simulations of FVM result in slightly higher values compared to LBM.
However, the pumping number predicted in the transient FVM simulation and the
LBM simulation shows an almost negligible difference.
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Table 4.1: Impeller parameters for the impeller speed of 337 RPM from the
different simulation methods. Experimental reference data from Larsson and
Lindenbaum [2].

FVM FVM .
Steady | Transient LBM | Experiment

Power Number [-] 3.86 3.80 3.75 3.6+£0.4
Pumping Number [-] | 0.654 0.646 0.639 -

At the lower impeller speed of 268 RPM, the results in Table 4.2 show that all three
simulation methods predict values close to the experimental power number. Both
of the FVM simulations predict a power number of 3.89, and the LBM simulation
predicts a slightly higher power number. However, as for the higher impeller speed,
all simulations are well within the range of the uncertainty of the experiment. Re-
garding the pumping number, the difference between the result from the different
simulations are almost negligible.

Table 4.2: Impeller parameters for the impeller speed of 268 RPM from the
different simulation methods. Experimental reference data from Larsson and
Lindenbaum [2].

FVM FVM
Steady | Transient
Power Number [-] 3.89 3.89 3.98 3.8£0.5
Pumping Number [-] | 0.654 0.658 0.656 -

LBM | Experiment

4.1.3 Mixing time

The mixing process is illustrated in the contour plots of normalized concentration
shown in Figures 4.5, 4.6, and 4.7, which depicts how the tracer spreads throughout
the domain over time. These visualizations confirm that the transient methods
predict a faster and more realistic mixing behavior compared to the steady-state
approach. The same behavior can be observed for the lower impeller speed.

W, l -
A
. &

(a) t=2s (b) t=10s (c) t=18s (d) t=25s

Figure 4.5: Contour plots of normalized concentration over time, FVM steady
simulation.
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(b) t=10 s (c) t=18 s (d) t=25 s

Figure 4.6: Contour plots of normalized concentration over time, FVM transient
simulation.
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Figure 4.7: Contour plots of scalar volume fraction over time, LBM simulation.

For the impeller speed of 337 RPM, the results presented in Table 4.3, show that
the steady-state FVM simulation overpredicts the mixing time by approximately
32% compared to the experimental data. In contrast, the transient FVM and LBM
simulations result in much smaller deviations. The mixing times predicted by the
transient FVM and LBM simulations are within the experimental uncertainty, re-
gardless of the measurement method.

Table 4.3: Mixing time for the impeller speed of 337 RPM from the different
simulation methods. Experimental reference data from Larsson and
Lindenbaum [2].

FVM FVM
Steady | Transient
Mixing time probes [s] | 33.0 26.7 26.0 25+3
Mixing time CV [s] 33.0 26.5 25.6 -

LBM | Experiment

At the lower impeller speed of 268 RPM, the steady-state FVM simulation shows the
largest deviation from the experimental probe-based measurements, overpredicting
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the mixing time by about 17%, as shown in Table 4.4. The transient FVM simulation
predicts a slightly lower mixing time than the LBM simulation, but both simulations
still predict a mixing time within the margin of error of the experiment. The mixing
time estimated by CV follows a similar trend.

Table 4.4: Mixing time for the impeller speed of 268 RPM from the different
simulation methods. Experimental reference data from Larsson and
Lindenbaum [2].

FVM FVM
Steady | Transient
Mixing time probes [s] | 35.0 28.5 30.4 30+4
Mixing time CV [s] 37.4 30.0 31.8 -

LBM | Experiment
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Figure 4.8: Time evolution of normalized tracer concentration at three probe
locations for the different simulation approaches at 337 RPM. Mixing is considered
complete when the normalized concentration at all three probes reaches and
remains within the interval 0.95-1.05. This interval is indicated by grey dashed
horizontal lines in all plots.

Figure 4.8 shows the evolution in time of the normalized concentration at three
probe locations for an impeller speed of 337 RPM. When comparing steady-state
FVM, transient FVM, and LBM simulations, it is evident that steady-state FVM
significantly overpredicts mixing time. The corresponding concentration contour
plots and probe graphs for all three simulation methods at 268 RPM are provided
in Appendix A.0.2 and A.0.3.
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4.1.4 Solver Time

Table 4.5 shows both the CPU/GPU time in hours and the normalized CPU/GPU
time for all simulation methods. The CPU/GPU time refers to the physical time re-
quired to complete the simulations. The FVM simulations were run on 64 CPU cores,
while the LBM simulations were executed on the GPU. The normalized CPU/GPU
time is calculated by dividing the CPU/GPU time by the number of simulated phys-
ical minutes. This allows for a fairer comparison between simulations with different
durations. For both steady-state FVM simulations and transient FVM simulations,
the time required to obtain a converged flow field in the initial steady-state run is in-
cluded in the total solver time. However, this initialization phase does not generate
any simulated time and is therefore still reflected in the normalized solver time.

Table 4.5: Solver time results for the different simulation approaches at 337
RPM, including total CPU/GPU time and time normalized by simulated physical
minutes.

FVM FVM

Steady | Transient LBM
CPU/GPU time [h] 9.4 251 54.6
Normalized CPU/GPU time [h] 11.3 182 27.3

The LBM simulation for the impeller speed of 337 RPM was approximately 4.6
times faster than the transient FVM simulation in terms of total solver time and
6.7 times more efficient when normalized per simulated minute. Of all simulation
methods, the steady FVM simulation was the most computationally efficient, which
was expected.

Table 4.6: Solver time results for the different simulation approaches at 268
RPM, including total CPU/GPU time and time normalized by simulated physical
minutes.

FVM FVM

Steady | Transient LBM
CPU/GPU time [b] 6.76 72 51.3
Normalized CPU/GPU time [h] | 8.11 329 25.7

The LBM simulation for the impeller speed of 268 RPM was approximately 9.2
times faster than the transient FVM simulation in terms of total solver time, and
12.8 times more efficient when normalized per simulated minute. These results are
summarized in Table 4.6. Also, for this case, the steady FVM simulation had a
significantly lower CPU time.
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4.2 Case 2

This section presents the results from both the FVM and LBM simulations for the
digester case, including flow field visualizations and mixing time analyses.

4.2.1 Flow Results and Impeller Parameters

The key tank and impeller parameters from the final FVM and LBM simulations
using configuration rl, with a resolution of 200 and refinement level 2, are presented
in Table 4.7. For all results, the LBM simulations tended to predict higher values
for impeller-related parameters, while global tank parameters such as mean velocity
and viscosity were generally lower compared to the FVM results.

Table 4.7: Key parameters for fluid A and fluid B measured in the FVM and
LBM simulations with configuration r1.

Fluid A Fluid B

FVM | LBM | FVM | LBM

7 [m/s] | 0.141 | 0.0321 | 0.0876 | 0.0232
I [Pas| | 47.7 | 496 145 698
Npi [] | 0528 [ 1.19 | 0.517 | 1.19
Npo [] | 0410 | 1.23 | 0.407 | 1.201
T, Nm] [ 367 | 810 | 360 | 817
T, [Nm] | 285 | 841 283 | 835

Histograms showing the velocity and viscosity distributions in the tank, expressed
as volume percentages, are presented in Figure 4.9 and 4.10 respectively, comparing
the results from the FVM and LBM simulations using configuration r1.
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Figure 4.9: Histogram for velocity distribution over volume percentage of the
tank for fluid A and B comparing FVM and LBM.

The FVM simulations exhibit a more uniform velocity distribution compared to
the LBM simulations for both fluids. Although the mean velocities in the LBM
simulations are lower, a significant portion of the tank experiences velocities close
to zero. In the LBM simulations with fluid B, almost 100% of the tank is stagnant.
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Figure 4.10: Histogram for dynamic viscosity distribution over volume
percentage of the tank for fluid A and B comparing FVM and LBM.

Similar to the velocity distribution, and due to the strong dependence of velocity
on viscosity, the FVM simulation exhibits a more uniform viscosity distribution. In
contrast, the LBM simulation shows a significant portion of the tank with viscosity
values at the maximum limit for the viscosity at 1000 Pa-s.

Velocity and viscosity contour plots comparing the FVM and LBM simulations
are shown in Figure 4.11 and 4.12. The results from the additional simulations
with configuration r2 and the uniform lattice are also included in these figures for
comparison. The r2 configuration has a resolution of 200 and refinement level 3,
while the uniform lattice configurations has a resolution of 700 lattice points.
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Figure 4.11: Velocity magnitude contour plots up to 0.4 m/s comparing FVM
with LBM for three different configurations.

Note that in Figure 4.12 the viscosity shown is the kinematic viscosity, not dynamic
viscosity. The unit is in m?/s and can be converted to Pa-s by multiplying the
kinematic viscosity by the density (1000kg/m?). All figures show the same scale for
the fluid viscosity.
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Figure 4.12: Viscosity magnitude contour plots up to 30 Pa-s comparing FVM
with LBM for three different configurations.

According to the contour plots, none of the LBM simulations gave a fully developed
flow field as seen in the FVM simulations. The simulation with configuration r2 gave
a more developed flow field than configuration r1. The uniform lattice simulation
gave the most developed flow field, especially around impeller 2. This can also be
seen in Table 4.7 since this configuration experiences the highest velocity and lowest
dynamic viscosity.
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Figure 4.13 and 4.14 exhibit a velocity contour plot comparison between the FVM
and LBM simulations for impeller 1 and impeller 2 respectively.
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(a) Velocity contour plot for impeller 1 (b) Velocity contour plot for impeller 1
using FVM. using LBM configuration rl.
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(c) Velocity contour plot for impeller 1 (d) Velocity contour plot for impeller 1
using LBM with the uniform lattice. using LBM configuration r2.

Figure 4.13: Velocity contour up to 3 m/s comparing the flow field around
impeller 1 between FVM and three different configuratinos using LBM.
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(a) Velocity contour plot for impeller 2 (b) Velocity contour plot for impeller 2
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Figure 4.14: Velocity contour up to 3 m/s comparing the flow field around
impeller 2 between FVM and three different configuratinos using LBM.

The results for impeller 1 demonstrate a dependency of the flow field on the spatial
resolution around the impeller. As the spatial resolution is refined and dx, decreases,
the simulation captures more physically realistic features of the flow. In contrast,
impeller 2 does not show any notable improvement in flow features with decreasing
dz,. Regardless of the grid configuration, the velocity distribution remains physically
unrealistic with a dominant radial velocity. This suggests that even with increased
local resolution, the simulation fails to capture the correct flow dynamics around
impeller 2.
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Table 4.8 presents the key impeller and tank parameters for all additional LBM
simulations and the FVM simulation. The results show that the solution is not time
step size independent, and by reducing the time step size, the difference in values
between the FVM and LBM simulations increases. The uniform lattice setup gave
the highest mean velocity among the LBM simulations. However, it also showed the
biggest difference compared to the FVM simulations in terms of impeller parameters,
where r1, and especially r2, were more closely aligned with the FVM results.

Table 4.8: Results comparing the simulations with fluid A comparing FVM with
LBM for all additional simulations.

FVM | LBM: rl1 | LBM: r1, Co=0.05 | LBM: 700 | LBM: r2
v [m/s] | 0.141 | 0.0321 0.0247 0.0558 0.0291
7 [Pas| | 47.7 496 597 273 554
Npi [-] | 0.528 1.19 1.27 1.48 0.608
Npo [-] | 0.410 1.23 1.39 1.66 0.767
Ty [Nm)] 367 810 869 999 415
T, [Nm] | 285 841 944 1130 520

4.2.2 Mixing Time

Figure 4.15 illustrates the mixing process in the tank by showing the normalized
tracer concentration, where a value of 1 indicates perfect mixing, measured at 85
probe points distributed throughout the tank. The mixing time is presented in
Table 4.9. In the FVM simulations, the mixing time for fluid B was approximately
15 minutes longer than for fluid A. In contrast, none of the LBM simulations reached
the mixing criterion within 3600s. Several probe points still displayed values near
zero, indicating that the tracer had not yet reached those locations. Only a small
number of probe points were within the required 5% range.
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Figure 4.15: Normalized concentration over time showing the mixing procedure
over 85 different probes comparing fluid A and B with FVM and LBM simulations.

Table 4.9: Mixing time for FVM and LBM simulations for both fluids.

Mixing time - FVM | Mixing time - LBM
Fluid A | Fluid B | Fluid A | Fluid B
1800 s 2700 s - -

4.2.3 Solver Time

The solver time for the mixing time simulations is presented in Table 4.11. For the
FVM simulation, the solver time includes both the steady simulations to converge
the flow field and the passive scalar simulations on a frozen field. The LBM simu-
lation includes the transient simulations for both the flow field to converge and the
passive scalar. Since the LBM did not reach the mixing criterion, the solver time in
Table 4.10 is based on a 3600 s long simulation time, to provide a fair comparison.
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Table 4.10: CPU/GPU time for mixing time FVM and LBM simulations.

Fluid A Fluid B
FVM | LBM | FVM | LBM
CPU/GPU time [h] 163 | 2806 | 10 | 25.32
Normalized CPU/GPU time [h] | 0.273 | 0.434 | 0.167 | 0.380

The results show that the LBM simulations have a higher solver time, both for
the entire simulation and the normalized value. The LBM simulations require a
simulation time up to 2.53 times longer than the FVM simulation for the total CPU
time and up to 2.28 times longer per simulation minute.

Table 4.11 presents the total and normalized GPU time for all additional simula-
tions using LBM until a converged flow field is reached. The results show that the
simulation time increases significantly when using a uniform lattice, requiring ap-
proximately 17 times longer simulation time compared to the chosen configuration.
Maintaining the main resolution but increasing the refinement level from two to
three (configuration rl and r2) results in a simulation time around 4.5 times longer.

Table 4.11: GPU time for all configurations using LBM with estimated time for
mixing time simulation.

LBM configuration: rl | rl, Co=0.05| 700 | r2

GPU time [h] 1.81 2.89 15.85 | 7.8

Normalized GPU time [h] 0.434 0.69 7.934 | 1.95
Estimated time for simulating mixing time [h] | 28.96 46.3 493 | 130

4.3 Case 3

This section presents the simulation results for Case 3 using both the FVM and LBM
methods. The results include analysis of the flow field and vortex formation, com-
parison of impeller parameters, evaluation of particle distribution, and assessment
of computational performance.

No final results could be obtained for the transient FVM simulations due to long
computation times and the inability to reach meaningful outcomes within the time
frame of this project. However, available FVM results, such as the steady-state
solution and the VOF-based approach used to capture the vortex, are still included
in order to support the evaluation and validation of the LBM simulation.

4.3.1 Flow and Impeller Parameters Results

Table 4.12 presents the calculated impeller power number at 173 RPM for the differ-
ent simulation methods. The results show good agreement between the steady-state
FVM and the LBM simulations, with power numbers of 1.28 and 1.23, respectively.
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No experimental data for the power number in this specific configuration is available
for direct comparison.

Table 4.12: Impeller power number for the impeller speed of 173 RPM from the
different simulation methods.

FVM FVM
Steady | Transient LBM
Power Number [-] | 1.28 - 1.23

Figure 4.16 shows the cross-sectional velocity fields for the steady FVM and LBM
simulations. While the steady FVM simulation cannot capture transient features
such as the vortex, the overall structure of the velocity field is similar between the
two methods. In both cases, a region of low velocity is observed directly below the
impeller, consistent with expected flow patterns in stirred tanks.
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(a) Steady FVM simulation. (b) LBM simulation.

Figure 4.16: Contour plots of the cross-sectional velocity field for the FVM
steady-state and LBM simulations at an impeller speed of 173 RPM. Vortex
formation is visible in the LBM flow field.

In Figure 4.17, the vortex shape is shown for the transient FVM and LBM simula-
tions. A similar trend as in Case 1 is observed, where the FVM predicts a larger
vortex compared to the LBM. Additionally, the vortex captured by the LBM appears
less smooth and exhibits more temporal variation, which is likely more representative
of the true unsteady behavior.

78



4. Results

(a) Transient FVM simulation (b) LBM simulation

Figure 4.17: Vortex shape captured in the transient FVM and LBM simulations
in Case 3 at an impeller speed of 173 RPM.

4.3.2 Particle Distribution

Figure 4.18 shows contour plots of the solid volume fraction ¢ over time from the
LBM simulations. The time 0 s corresponds to the moment of particle injection into
the tank, at which point the flow field has already reached a developed state.

During the first few seconds after injection (Figures 4.18a—c), the particles rapidly
disperse throughout the tank. By 5 s, the particles are more evenly distributed,
and after this point, no major changes in the overall distribution are observed. As
seen in Figures 4.18c and d, the particle distribution at 5 s is very similar to that at

30 s, indicating that the distribution in the tank stabilizes relatively quickly after
injection

(a) t=1s (b) t=3's (c) t=5s (d) t=30 s

Figure 4.18: Contour plots of solid volume fraction over time, LBM simulation.
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To evaluate the particle distribution in the biomedical tank configuration of Case
3, solid volume fraction ¢ was sampled at a total of 30 probe points distributed
throughout the tank. As shown in Figure 3.25, six probes were placed along the
radial direction at each of five different heights: 0.14, 0.20, 0.24, 0.28, and 0.35
meters from the bottom of the tank.
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Figure 4.19: Solid volume fraction ¢ as a function of radial position r at five
different heights in the tank (y = 0.35, 0.28, 0.24, 0.20, and 0.14 m) for the LBM
simulation and corresponding experimental data from Shan et al. [1]. The impeller
speed is 173 RPM.

Figure 4.19 presents the solid volume fraction ¢ as a function of radial position r for
these five heights, comparing results from the LBM simulation with experimental
data from Shan et al.[1]. The profiles show how the particle concentration varies
radially at different vertical positions in the tank, and overall good agreement can
be observed between the simulation and experimental data.
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4.3.3 Solver time

Table 4.13 shows the solver time results for the different simulation approaches in
case 3, including total CPU/GPU time and time normalized by simulated physical
minutes. Only the LBM simulation was completed for this case, requiring a total of
5.87 hours of GPU time and 3.05 hours when normalized by simulated minutes.

Table 4.13: Solver time results for the different simulation approaches in case 3,
including total CPU/GPU time and time normalized by simulated physical

minutes.
FVM FVM
Steady | Transient LBM
CPU/GPU time [h] - - 5.87
Normalized CPU/GPU time [h] - - 3.05

Although a steady-state FVM simulation was performed to resolve the flow field,
it could not be combined with particle tracking and is therefore not included in
the solver time comparison. The transient FVM simulation was initiated but could
not be completed within the timeframe of the project. As a result, no meaningful
comparison can be made between the FVM and LBM approaches in terms of particle-
related simulation time for Case 3. Despite the complexity of the three-phase system,
the LBM simulation was completed in a short time and yielded reliable results.
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Discussion and Conclusion

This chapter presents a discussion of the simulation results and summarizes the
main findings of the thesis. It also includes suggestions for future studies based on
the challenges and observations encountered during the work.

5.1 Discussion

The results from case 1 indicate that the predicted mixing time from both the
transient FVM and LBM simulations is in very good agreement with experimental
data. This indicates that both methods can capture the overall mixing process with
sufficient accuracy. However, LBM does not fully capture the length of the vortex,
while the vortex predicted by FVM lacks any horizontal movement. The results for
predicted mixing time indicate that the shape and position of the vortex do not
severely impact the mixing process. Furthermore, the steady-state FVM approach
clearly overestimated the mixing time, suggesting that transient flow characteristics
play an important role in the mixing process. Both the FVM and LBM simulations
also predicted the power number and pumping number with good accuracy.

Case 3 has the lowest aspect ratio between the tank and the impeller of all cases in
this project, since the tank-to-impeller ratio is 2. This configuration has proven to
be particularly advantageous for the LBM solver, as the low aspect ratio allows for a
relatively coarse resolution, while still yielding highly accurate simulation results in
a very short GPU time. Compared to case 1, where the tank-to-impeller ratio is 5,
the normalized GPU time is about 9 times lower for case 3. Furthermore, the LBM
solver shows promising potential for predicting particle distribution. However, since
no corresponding FVM results are available for comparison, no definitive conclusions
can be drawn regarding its relative performance in this aspect.

The results from case 2 show that using LBM in the selected software might not be
not well suited for simulating large digester tanks, especially when long simulation
times are required. The resolution study revealed that several key parameters did not
fully converge before reaching memory limitations and unrealistic simulation times,
which prevented further refinement. While impeller 1 showed reasonable agreement
with the FVM results and generated physically realistic flow fields, impeller 2 did
not. An unresolved flow field, in combination with a non-Newtonian fluid which
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initialized at it’s maximum viscosity, causes large regions with high viscosity in the
tank since a certain velocity and shear rate is required for the fluid to act shear
thinning. This limits the flow development, contributing to stagnant zones and
inaccurate mixing time predictions.

The presence of high aspect ratios in the geometry introduces further difficulties,
making the LBM solver less efficient. High aspect ratios often require local refine-
ment, as demonstrated in the FVM simulations where a base size of 8% of the main
mesh size was used in the MRF zone. This approach is more constrained when
using the LBM solver, as the refinement strategy relies on halving the spatial res-
olution (dx) for each refinement level. Increasing the number of refinement levels
significantly raises the computational cost, since the time step also is halved for
each refinement level. Moreover, when refinement zones are applied, the D3Q27
lattice configuration must be used, which increases the computational demand by
approximately 40%. For large geometries that already require substantial memory
resources, conditions that are inherently suboptimal for GPU-based simulations, this
additional computational burden quickly leads to unrealistic simulation times.

The LBM solver setup also includes limitations that further complicate simulations
of large geometries. LBM inherently lacks support for steady-state solvers and the
used LBM solver does not include simpler turbulence models like k-, meaning that
all simulations are transient and relatively costly. Although this prioritizes accuracy,
it also increases computational burden significantly, amplifying the existing issues.
Previous studies suggest that such detailed flow resolution is not needed for realistic
mixing predictions, which makes the LBM based solver less suitable under these
conditions.

The difficulties encountered in case 2, such as high aspect ratios, the need for local
refinement, high memory usage, and the inability to simplify the numerical setup,
resulted in unrealistic simulation times and unreliable results. In contrast, the setup
of case 1 was inherently more compatible with the strengths of LBM and GPU-based
computation. The smaller geometry and lack of high aspect ratios reduce the mem-
ory intensity and the need for refinement, allowing the uniform lattice structure to be
effectively parallelized on GPU hardware. The simpler domain allows the solver to
maintain accuracy without excessive computational costs. These factors contribute
to the good agreement observed between LBM, FVM, and experimental data in case
1, particularly in terms of predicted mixing time. Case 3 further demonstrates the
strengths of the LBM solver, as its low tank-to-impeller aspect ratio enabled the
use of a coarse lattice resolution while still achieving accurate particle distribution
results within a very short simulation time. These results indicate that LBM is well
suited for smaller tank systems with low memory demands and limited need for
spatial refinement.

Comparison between CPU time for the different impeller speeds in case 1 suggests
that the CPU time is strongly influenced by the number of cells in the mesh. The
simulation with an impeller speed of 268 RPM was run on a mesh with approximately
20% more cells than the one used for the higher impeller speed. This higher cell
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density resulted in an 80% longer CPU time, even though the time step size was
larger for the lower impeller speed (due to the recommendation for sliding mesh).
This clearly highlights one of the main disadvantages of FVM compared to LBM,
where the mesh can have a significant impact on simulation cost. LBM uses a
simple, uniform lattice structure instead of a complex, manually generated mesh,
which avoids such sensitivity and contributes to a more consistent and predictable
computational performance.

An important difference between FVM and LBM is the preprocessing effort required.
In FVM, generating a high-quality mesh can be both time-consuming and demand-
ing, and the CPU resources used during meshing are not included in the measured
CPU times presented in the result. In contrast, LBM does not require mesh gener-
ation, which results in a faster and more straightforward setup, and contributes to
the overall efficiency of the method.

5.2 Conclusion

This thesis has compared the performance of two numerical methods, FVM and
LBM, in simulating mixing processes in fluid systems of different scales and com-
plexities. The evaluation was conducted using STAR-CCM+ for FVM and M-Star
for LBM, applied to two small-scale biomedical tanks and a large-scale anaerobic
digester.

The results show that both methods can accurately predict the mixing time in the
biomedical tank in case 1 and show good agreement with the experimental data.
LBM was shown to be more computationally efficient than FVM for transient simu-
lations. The simpler setup and uniform lattice structure in LBM also contributed to
faster preprocessing and more consistent solver times. As expected, simulations run
on the GPU were significantly more efficient for smaller fluid domains, likely due to
better utilization of GPU memory and parallel processing. The comparison of the
normalized GPU time between case 1 and case 3 shows that a tank with low aspect
ratios allows for a coarser resolution, resulting in shorter simulation times without
a significant trade-off between computational effort and accuracy.

However, the LBM solver showed clear limitations when applied to the digester tank.
The simulation struggled with memory constraints, resolution convergence, and ac-
curate prediction of impeller-related quantities, especially for impeller 2. The need
for refinement zones, which in the LBM solver require use of the computationally
expensive D3Q27 lattice, significantly increased the simulation time. Despite using
a coarse grid setup, the simulations were still more time-consuming than the FVM
simulations and failed to produce satisfactory results.

In conclusion, LBM is a suitable method for smaller geometries with limited need for
spatial refinement, where fast setup and efficient computation are prioritized. For
large-scale systems with high aspect ratios, requiring spatial refinement or extensive
uniform resolution, FVM remains the more flexible and reliable choice.
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5.3 Future Considerations

Future work should further investigate how surrounding geometry and grid resolu-
tion affect the accuracy of impeller simulations. In the study of case 2, only impeller
2 which is located near the draft tube, failed to produce realistic flow fields upon
refinement, while impeller 1 did not show such issues. Since the draft tube is the
main geometric difference between the two regions, its influence on the local flow
conditions and mesh requirements requires deeper analysis.

Another aspect that could be interesting to investigate further is whether the vortex
can be better resolved using the LBM solver. Since the vortex lacks depth in the
current results, it could be useful to study the differences between the free surface
model and the immiscible two fluid model in more detail. It could also be interesting
to examine whether a higher resolution would improve the predicted vortex depth,
if a GPU with more memory was available.

The LBM simulations for case 2 did not demonstrate time step size independence.
Future research should investigate how the time step size affects the overall results,
as this requires further analysis to ensure numerical stability and accuracy.

A possible solution to the challenges encountered in the digester tank simulations
could be to use a uniform lattice with a higher resolution. In this study, this was
not feasible due to memory limitations. Among all LBM configurations tested, the
uniform lattice case produced the most developed flow field, with fewer high-viscosity
regions and a distinct zone of higher velocity and lower viscosity around impeller 2,
something not observed in the other setups. This suggests that a base resolution
of 200 lattice points outside the refined zones was insufficient to resolve the entire
flow field. Although a uniform lattice with more than 700 points could not be tested
within the constraints of this thesis due to memory demands and excessive simulation
times, this is a potential direction for future work. While memory usage is hardware-
dependent, the high computational cost remains a major challenge. Further studies
could assess whether a higher-resolution uniform lattice can produce a physically
realistic flow field within reasonable simulation times.
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A

Results from case 1, impeller
speed 268 RPM

A.0.1 Vortex
Figure A.1 shows the vortex shape in the FVM and LBM simulations at 268 RPM.

(a) Transient FVM simulation (b) LBM simulation

Figure A.1: Vortex shape captured in the FVM transient and LBM simulations
at an impeller speed of 268 RPM.
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Figure 4.3 shows the average vortex from the FVM simulation at 268 RPM.

Figure A.2: Time-averaged vortex surface from the transient FVM simulation at
268 RPM.
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A.0.2 Transport of the passive scalar for impeller speed of
268 RPM.

The mixing process is illustrated in the contour plots of normalized concentration
shown in Figures A.3, A.4, and A.5, which depict how the tracer spreads throughout
the domain over time.

L

(a) t=2s (b) t=10s (c) t=18s (d) t=25s
Figure A.3: Contour plots of normalized concentration over time, FVM steady
simulation.
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Figure A.4: Contour plots of normalized concentration over time, FVM transient
simulation.
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Figure A.5: Contour plots of scalar volume fraction over time, LBM simulation.
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A.0.3 Normalized concentration along probes for impeller
speed of 268 RPM.

Figure A.6 shows the time evolution of the normalized concentration at three probe
locations for an impeller speed of 268 RPM.

Normalized Concentration Normalized Concentration
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(a) Normalized tracer concentration at (b) Normalized tracer concentration from
three probe points from the steady-state the transient FVM simulation.
FVM simulation.
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(c) Normalized tracer concentration from
the LBM simulation.

Figure A.6: Time evolution of normalized tracer concentration at three probe
locations for the different simulation approaches at 268 RPM. Mixing is considered
complete when the normalized concentration at all three probes reaches and
remains within the interval 0.95-1.05. This interval is indicated by grey dashed
horizontal lines in all plots.
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