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Abstract

Rotating bed reactors are used throughout the process industry. They are used
both in the chemical industry and other industrial sectors, such as pharmaceuti-
cals and the textile industry in decolorization due to by-products or contaminants.
SpinChem AB manufactures rotary bed reactors (RBRs) to perform chemical reac-
tions between liquids and solids. The solid material consists of spherical particles
0.1 mm - 1 mm in diameter that are packed between two cylindrical spaces in the
RBR.

The goal of this project work is to determine the power number, the axial force that
the RBRn experiences, the torque requirement on the motor and power consumption
of the the RBR when a fully developed turbulent flow is achieved. The purpose of
the work is to optimize the technology from the energy usage point of view, make
the product simple and easily accessible for chemical and industrial processes as a
contribution to the development of sustainable society. In order to achieve the pur-
pose and goal of the projects, Computational Fluid Dynamics (CFD) combined with
experimental models were used. Computation were made in COMSOL Multiphysics
for two turbulence models. In it, the rotating machinery was used with moving mesh
technique for both the standard k− ε model and the SST k− ω turbulence models.
The result is then compared with the empirical models.

Investigation were done for two models of the rotating bed reactors (RBRs). One
model is called RBR S2 with relatively small size and RBR S14 which is a much
larger version. For RBR S2 the experimental results turned out to be, an output of
power number which is 3.4, torque requirement of 0.03 Nm, power consumption of
3 W and a thrust force of 0.11 N . While the simulation results turned out to be
an output of power number which is about 1.2, torque requirement of 0.013 Nm, a
power consumption of 2 W and thrust force of 0.8 N . Similarly, the experimental
result for RBR S14 was as follows. A power number of 0.53, torque requirement of
0.41 Nm, power consumption of 6 W and a thrust force of 4.16 N . The simulation
results turned out to be, a power number of 0.34, torque requirement of 0,40 Nm,
a power consumption of 4.14 W and thrust force of 3.61 N .

With the help of the calculated power numbers, the power required to rotate the
RBR can then be determined. Power number is determined when a fully developed
turbulent flow is achieved. For RBRS2, a fully developed turbulent flow is achieved
at Re = 2.8 · 105 and the angular velocity at that Reynolds number is about 830
RPM. At that speed, the power is shown to be about 4 W for RBRS2. For RBRS14,
a fully developed turbulent flow is achieved at Re = 1.5 · 105 and then the speed at
that Reynols number is about 83 RPM. The power need at that stage is shown to
be about 20 W.



Sammanfattning

Roterande bäddreaktorer används inom hela processindustrin. De används både
inom den kemiska industrin och andra industriella sektor såsom, läkemedel och tex-
tilindustrin vid avfärgning på grund av biprodukter eller föroreningar. SpinChem
AB tillverkar roterande bed reaktorer (RBR) för att utföra kemiska reaktioner mel-
lan vätska och fasta material. Det fasta materialet består av sfäriska partiklar på
0,1 mm - 1 mm i diameter som packas mellan två cylindrar i RBRn.

Målet med detta projektarbete var att bestämma effekt nummer, effekt som krävs
vid det effekt nummer, kravet på vridmoment från motorn samt den axiella kraften
som den roterande bäddreaktorn upplever när ett fullt utvecklat turbulent flöde up-
pnåtts. Syftet med arbetet är optimera teknologin ur energianvändningssynpunkt,
göra den enkel och lättillgänglig för kemiska och industriella processer som ett bidrag
för hållbar samhällsutveckling. För att kunna uppnå syftet och målet med projek-
ten användes, avancerade beräkningsmetoder i födes mekanik (CFD) i kombination
med experimentella modeller. Beräkningar gjordes i COMSOL Multiphysics för två
turbulenta modeller. I de användes roterande maskineriet med en medföljande mesh
(moving mesh) för både standard k−ε modellen och SST k−ω modellen. Resultatet
jämfördes sedan med de empiriska modellerna.

Undersökningarna gjordes för två modeller av RBR. Ena modellen heter RBR S2
med relativt små tillstorlek och RBR S14 som är mycket större version. För RBR S2
visar den experimentella resultaten ett effekt nummer på 3,4, vridmoment på 0,03
Nm, effekt förbrukning på 3 W och en axiellkraft ("thrust force") på 0,11 N. Simu-
leringsresultatet visar ett effekt nummer på 1,2, vridmoment på 0,013 Nm, effekt
förbrukning på 2 W och en axiellkraft på 0,8 N. För RBR S14 visade det experi-
mentella resultatet ett effekt nummer på 0,53, vridmoment på 0,41 Nm, effektför-
brukning på 6 W och en axiellkraft ("thrust force") på 4,16 N. Simuleringsresultatet
visade att effekt nummer var 0,34, vridmoment på 0,40 Nm, effektförbrukning på
4,14 W och en axiellkraft på 3,61 N.

Med hjälp av de framräknade effektnummer kan effekten som behövs rotera RBRn
bestämmas. Effektnummer bestäms när ett fullt utvecklat turbulent flöde uppnåtts.
För RBRS2 uppnås ett fullt utvecklat turbulent flöde vid Re = 2.8 · 104 och vinkel-
hastigheten är 830 RPM vid det Reynolds nummer. Effekten som krävs för att driva
RBRn vid det läge är ca 4 W för RBRS2. För RBRS14 uppnås ett fullt utvecklat
turbulent flöde vid Re = 1, 5 · 105 och då har vi en hastighet på 83 RPM. Vid den
hastighet visas effekten vara ca 20 W.
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1 Introduction

1.1 Background

The rotating bed reactors (RBRs) are used throughout the process industry. They are
applied both in chemical industry and also in a newer industrial sectors, such as biolog-
ics, pharmaceuticals, nanotechnology, and regenerative medicine. Certain features have
not changed for many years, but the understanding of the physical processes occurring
within has greatly increased [1].

SpinChem AB is a privately held company in Umeå, Sweden, that develops innovative
rotating bed reactors (RBRs) for synthesis, manufacturing and purification in the chem-
ical and biotechnology industries [3]. This device carries out chemical reactions between
a liquid and a solid material. The solid material consists of particles (often spherical
particles), roughly about 0.1 mm – 1 mm in diameter, which are packed within the cylin-
drical space in RBRs. The inside of the cylindrical reactor is divided into four hollow
compartments where the solid is placed, as seen in Figure 1b. A liquid flow through the
packed bed can be generated by submerging and rotating the RBR by an electric motor
in the liquid domain. When the RBR rotates within the surrounding liquid, the fluid
between the solid particles is ejected from the RBR by centrifugal forcing and new fluid
is drawn into the RBR through holes in the centre both from the at the bottom and
upper side of the cylinder as seen in Figure 1a.

(a) (b)

Figure 1: Shows the rotating bed reactor model S2 (RBRS2). The fluid enters from the
bottom and upper hole as shown in a) and leaves through the holes over the whole mantle
area. Figure b) shows the particles that the RBR is filled with. Figures from [2]

The technology and working principle for all RBR models [3], that SpinChem AB man-
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ufactures are the same but vary in size for its purposes of use. For example, the RBR
S14 shown in Figure 2 is a much larger RBR driven by a three phase motor but operates
on the same principle as the RBR S2 described above. Both models will be used during
this project work.

Figure 2: Shows the rotating bed reactor model S14 (RBRS14). The fluid inters from
the bottom holes and leaves through the holes over whole mantle are. Figure from [3]

1.2 Project aims and goals

The goal of this master’s thesis project is to investigate optimal power number, the
torque requirement on the motor, the axial force acting on RBR and the operating
optimal power usage for the two models RBR models respectively. Those parameters are
determine at a point when the flow is reached fully developed turbulent flow. The two
models are RBR S2 and RBR S14 that are shown in Figure 1 and 2. These parameters
are investigated mainly to make the RBR more energy efficient through experimental
investigation and simulation. To achieve the desired goal Computational Fluid Dynamics
(CFD) supplemented with experimental observations are used. CFD-simulations are
done by using COMSOL Multiphysics for turbulence modeling together with moving
mesh technique for frozen rotor machinery. There are two turbulence models used to
achieve this, the standard k−ε and Menter’s Shear Stress Transport (SST k−ω) model.

The aims of this master’s thesis project is to optimize the rotating bed reactor from
an energy point of view as energy efficient chemical and industrial mixing process as a
contribution to the development of sustainable and environmentally friendly technology.
Thereby maximizing the chemical reactions with minimum power consumption.

2
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2 Theory

This section introduces the necessary fluid equations and the turbulence model equations
used in comsol multiphysics to simulate the rotating bed reactor in a liquid and the wall
treatments.

2.1 Newton’s Second Law

As a fluid particle moves from one location to another, it usually experiences an acceler-
ation or deceleration. According to Newton’s second law of motion, the net force acting
on the fluid particle under consideration must equal its mass times its acceleration, which
mathematically can be written as

F = ma, (1)

where F, is the net force acting on a particle of mass m, that produces an acceleration, a,
in the direction of the net force [4]. This is one of the equation that governs the motion
of everyday life.

2.2 Navier-Stokes equations

The fundamental equations and laws of fluid mechanics for an incompressible and New-
tonian fluid can be derived by using equation 1, applied to a continuum, a constitutive
law, called Newton’s law of viscosity, which relates shear stresses in a fluid to the rate of
distortion of fluid elements and the conservation of mass. When these physical principle
put together, a partial differential equation called the Navier-Stokes (NS) equation are
obtained, which governs the motion of fluids [4, 5].

ρ
∂V
∂t

+ ρ (V · ∇)V = −∇P + µ∇2V + f. (2)

Conservation of mass requires that the mass, m, of a system remain constant as the
system moves through the flow field (thereby constant density flow). The continuity
equation is given as

∇ ·V = 0, (3)

which represents the net rate at which the mass is flowing out through the control surface
[4].

The letter ρ in 2, is the density of the inviscid fluid, V, is the flow velocity, P , is the
pressure distribution, µ, is the viscosity of the liquid and f is the other forces such as
gravity. The first term on the left hind side of equation 2, describes changes in time
at fixed point and second term describes the convective acceleration (which is spatial

3
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derivative) and the sum of the the two acceleration describes changes in time following
a fluid particle [4]. The first term in equation 2, describes the pressure force, second
term the viscous contribution and the last term external forces (thus the left hand side
describes the acceleration flowing the fluid particle and right hand side describes forces
that are acting on the fluid particle we are following).

By applying the curl operation (∇×) on each term in equation 2, we end up with the
vorticity equation, equation 4, which measures the local rotation of the fluid. Thus the
vorticity (ω), in equation 4 says something about how the fluid spin is changing while it
is flowing with a fluid flow. The vorticity is defined as ω ≡ ∇× V . Vortex lines that are
"frozen" into inviscid fluids, move with the fluid [5].

ρ
∂ω

∂t
+ ρ (V · ∇)ω = ρ (ω · ∇)V + µ∇2ω (4)

∇ · ω = 0 (5)

The first therm in the left hand side of equation 4, describes the co-moving changes
following a fluid particle just as in equation 2. The right hand side describes the change
in moment of inertia of a fluid element due to stretching or compression of a vortex and
the second therm describes change of vorticity due to viscous effects on the fluid element
[5]. However there is no pressure term in equation 4 as compared to equation 2. That
is because the vorticity equation really doesn’t depend on the pressure, which means
that pressure waves (which is sound waves) does not effect the vorticity but effects the
velocity of the fluid [5].

The Navier-Stokes equation can also be written as follows with index notation(which is
Einsteins summation convention). Thus equation 6, describes the exact same scenario
as in equation 2, the only difference is the notation (V, is changed to ui and uj etc).
Equation 6, is more used in CFD-context.

ρ
∂ui
∂t

+ ρ

(
uj
∂ui
∂t

)
= − ∂p

∂xi
+ µ

∂

∂xi

∂ui
∂xj

+ fi (6)

and the conservation of mass for an incompressible fluid is given as

ui,i = ∇ · u = 0 (7)

where ρ, u, p, µ and fi are fluid density, velocity, pressure, viscosity and external forces
respectively. The variable, t describes the variation of the flow with time and x is spatial
variable. The index i, j = 1, 2, 3 represents x-axis, y-axis and z-axis respectively. The

4
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left hand of equation 6, describes accelerations while the right hand side describes forces
acting on the fluid particle [5] (as described previously).

2.3 An engineering approach to turbulence modeling

It is an empirical observation that the motion of a very viscous of a very slow-moving
fluid tends to be smooth and regular, that is called laminar flow. However if the fluid
viscosity is not too high, or the speed is moderate to large, then the movement of the
fluid becomes irregular and chaotic, and that is called turbulent. In between that we
have transition region which is partially laminar and partially turbulent [5].

Almost all fluid flow which we encounter in daily life is turbulent. Typical examples
are flow around cars, aeroplanes and buildings [6]. The boundary layers and the wakes
around and after solid bodies such as cars, aeroplanes and buildings are turbulent. Also
the flow and combustion in engines, both in piston engines and gas turbines and combus-
tors, are highly turbulent. There is no definition of turbulent flow, but it has a number
of characteristic features such as irregularity, diffusivity, large Reynolds numbers, dissi-
pation, continuum, three-dimensional etc [6].

The Navier-Stokes equations has no mathematical solution, so different numerical meth-
ods were developed historically to solve the equation [4]. When one uses the Navier-Stokes
equations to simulate fluid flows it is called direct numerical simulations(DNS). The DNS
method gives highly accurate solution but does require a large amount of computer power
since very fine mesh needs to be used. However this approach is not the best one since
this will take long time to simulate and the economic cost will be to much. Therefore
other models have been developed that simplifies the calculations with some sacrifice on
the accuracy that can be used effectively [7].

2.3.1 Reynolds-averaged Navier-Stokes equations

The Reynolds-averaged Navier-Stokes equations(RANS) are one of these models that
have been developed and used widely. RANS equation can be derived by splitting each
variable of the flow into a turbulent component and a mean flow component [6, 8]. This
technique is known as Reynolds decomposition and can be written as

ui = Ui + u′i, (8)

pi = Pi + p′i, (9)

and

5
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τij = Tij + τ ′ij . (10)

Where Ui, Pi and Tij represent the mean flow, and ui, pi and τij represents the instanta-
neous flow and the corresponding variables with prime represents the fluctuating motions.

The averaging rules used are given as

〈
u′i
〉
= 0, 〈Ui〉 = Ui,

〈
Uiu

′
i

〉
= 0,

〈
u′iu
′
j

〉
6= 0 (11)

The first term in equation 11, represents the average of fluctuation velocity, which cancels
each other and becomes zero. The second term term represents the average over the
average, which becomes average. The third term is product of the the average over
and fluctuations which also becomes zero. The fourth term is a product of fluctuations
velocities which becomes nonzero, which needs to be modeled [6, 9].

By substituting for the instantaneous variables in the Navier-Stokes equations (equation
6) with the corresponding expression given in Equation 8, 9 and 10 and then taking
the averaging principle, given in equation 11, together yields the Reynolds-averaged
momentum equation (RANS) [9]. The RANS-equations, is given by

ρ

(
∂Ui
∂t

+ Uj
∂Ui
∂xj

)
= − ∂P

∂xi
+
∂Tij
∂xj

+
∂Rij
∂xj

+ 〈fi〉 , (12)

where

Tij = µ

(
∂Ui
∂xj

+
∂Uj
∂xi

)
, (13)

is the mean viscosity stress and

Rij =
〈
ρu′iu

′
j

〉
(14)

is the definition of Reynolds stress. Using the same approach the continuity equation,
thus the divergence of mean and fluctuation velocity field is given as

∂Ui
∂xi

= 0, (15)

∂u′i
∂xi

= 0. (16)

6
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2.3.2 Boussinesq hypothesis

Thus Reynolds stress depends on the fluctuating velocities for which we do not have any
governing equations, therefore the RANS equation is not closed due to the Rij term in
equation 12. This means that there are more unknowns than there are equations.

Boussinesq postulated that the momentum transfer caused by turbulent eddies can be
modeled with an eddy viscosity [9]. The Boussinesq assumption states that the Reynolds
stress tensor is proportional to the trace mean strain rate tensor [9]. The equation can
be written in the following way:

Rij = −
〈
ρu′iu

′
j

〉
= µt

(
∂Ui
∂xj

+
∂Uj
∂xi

)
− 2

3
ρkδij (17)

where µt, is the turbulent viscosity, k is the turbulent kinetic energy and δij is the unit
matrix. Using this hypothesis with the RANS equation, equation 12, we end up with

∂Ui
∂t

+ Uj
∂Ui
∂xj

= −1

ρ

∂P

∂xi
+

∂

∂xi

[
µ+ µt
ρ

(
∂Ui
∂xj

+
∂Uj
∂xi

)]
+ 〈fi〉 (18)

The system is now closed and can be solved if a model for the turbulent viscosity µt can
be found.

2.3.3 The standard k − ε model

Since we now have derived the RANS-equation which describes the mean flow instead of
instantaneous flows as the NS equation does, we need to model Rij .

The k− ε turbulence model, also known as the two equation model, is the most common
model used in CFD, to simulate mean flow characteristics for turbulent flow conditions. It
gives a general description of turbulence by means of two transport equations(k-equation
and ε-equation ) [9, 10].

For turbulent kinetic energy (model k-equation)

∂k

∂xj
+ Uj

∂k

∂xj
=
µt
ρ
S2 − ε+

[
1

ρ

(
µt +

µt
σk

)
∂k

∂xj

]
(19)

For dissipation of turbulent kinetic energy (model ε-equation)

∂ε

∂xj
+ Uj

∂ε

∂xj
= Cε1

µt
ρ

ε

k
S2 − Cε2

ε

k
+

[
1

ρ

(
µ+

µt
σk

)
∂ε

∂xj

]
(20)

Turbulent viscosity model

7
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µt = Cµρ
k2

ε
(21)

Closure constants (Launder and Sharma [11]) given below, are used in the turbulence
models.
Cµ = 0.09, Cε1 = 1.44, Cε2 = 1.92, σk = 1.0, σε = 1.3

Where S, is the invariant measure of the strain rate and given by:

S2 = 2SijSij (22)

and

Sij =
1

2

(
∂Ui
∂xj

+
∂Uj
∂xi

)
(23)

2.3.4 The Menter-SST Turbulence k − ω Model

The simulation geometry determines the kind of approach one must make. For cases
where the geometry is are large, appropriate approach might be the wall function ap-
proach to reduce computational time when there no need for detailed information. How-
ever if there is a need of a detailed study near the boundary, an appropriate approach
might be the low Reynolds k − ε model [10]. However in this particular study, Menter
shear stress k − ω models considered best approach [12]. That is because this particular
model has a blending function which means that in fully turbulent region it switches to
standard k − ε model, which is less computational heavy and near wall region as k − ω
model which mimic the low Reynolds k − ε model for detailed analysis [12, 13]. Thus,
the complete formulation of SST model is given by

∂(ρk)

∂t
+
∂(ρUjk)

∂xj
= P̃k − β∗ρωk +

∂

∂x

[
(µ+ σkµt)

∂k

∂xj

]
(24)

∂(ρω)

∂t
+
∂(ρUjω)

∂xj
= αρS2 − βρω2 +

∂

∂xj

[
(µ+ σωµt)

∂ω

∂xj

]
+2(1− F1)

ρσω2
ω

∂k

∂xj

∂ω

∂xj

(25)

Where, F1, is blending function which has the ability to blend between standard k − ε
model far a way from the wall and behaves as k − ω and Low Reynolds number k − ε
models near the wall because where the complex flow behaviour take place [12]. F1
becomes zero far away from the wall surface and becomes (k− ε model), and F1 becomes
nonzero when its near the wall and switches (k − ω model). F1 is given as
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F1 = tanh


{
min

[
max

( √
k

β∗ωy
,
500ν

y2ω

)
,
4ρσω2k

CDkωy2

]}4
 . (26)

Where, CDkω = max
(
2ρσω2

1
ω
∂k
∂xi

∂ω
∂xi
, 10−10

)
and y is the distance to the nearest wall.

The turbulent eddy viscosity is defined as follows:

µt =
ρa1k

max (a1ω, SF2)
(27)

Where F2, is a second blending function [12] and is defined as:

F2 = tanh

[maz( 2
√
k

β∗ωy
,
500ν

y2ω

)]2 (28)

Where P̃k, is production limiter used in the SST model to prevent the build-up of tur-
bulence in stagnation, and gives as

P̃k = min (Pk, 10β
∗ρkω) (29)

where Pk, is the turbulence production term and is given as:

Pk = µt
∂Ui
∂xj

(
∂Ui
∂xj

+
∂Uj
∂xi

)
(30)

All constants are computed by a blend from the corresponding constants of the k− ε and
the k − ω model via α = α1F + α2(1− F ) etc. The constants for this model are: β∗ =
0.09, α1 = 5

9 , β1 = 3
40 , σk1 = 0.85, σω1 = 0.5, α2 = 0.44, β2 = 0.0828, σk2 = 1, σω2 = 0.856

[13]

2.3.5 Wall treatments

One of the essential features of a useful industrial turbulence model is an accurate and
robust near wall treatment. In addition, the solutions should be largely insensitive to
the near wall grid resolution [13].

The SST model employs per default an Automatic wall treatment. That means the model
switches between a low-Reynolds-number formulation and a wall function formulation
depending on how well resolved the flow is close to the wall. The automatic wall treatment
gives a robust formulation that makes the most out of the available resolution. Other
wise it could manually be changed to "Low Reynolds number k− ε", in order to enforce
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resolution all the way down to the wall. That is considered more accurate than the
automatic wall treatment provided that the mesh is fine enough.

2.4 Power number

The power number Np (also known as Newtons number) is a commonly used dimension-
less parameter that provides a measure of the power requirements for the operation of
an impeller [15]. It is defined as

Np =
P

ρLN3D5
= const. (31)

Where P, is the power applied to the impeller of diameter D, ρL is the liquid density,
and N the impeller rotation speed. It has been shown that

Np = f(Re, FR, dimensionlessgeometricparameters) (32)

Where the Reynolds number, physically can be considered the ratio of inertial to viscous
forces, and the Froude number, the ratio of inertial to gravitational forces. The Reynolds
number is used to categorize whether a fluid systems is laminar or turbulent flow, in
which the effect of viscosity is important in controlling the velocities or the flow pattern
of a fluid [?]. The Reynolds number, Re, is defined as

Re =
ρUD

µ
(33)

where ρ, is density, U is the velocity, D is the diameter and µ is the viscosity of the fluid
[18].

For the cylindrical geometries that rotates in a fluid it is possible to determine the
general power number(Np), though each impeller/vessel configuration has its own power
characteristic, they all have the same general shape (Figure 3) and an important thought,
for geometrically similar systems, the plots are essentially independent of scale. In the
and laminar region is usually rages (Re < 10|| < 50), In the turbulent region (Re > 104)
and transition region ( 10 < Re < 104) [1].
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Figure 3: Shows Power number as function of Reynolds number. The figure describes
the different flow region (laminar, transitional and turbulent region). Taken from [1]
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3 Method

This section is dedicated to the methods that are used in this project work. This work is
divided into two main parts. Namely practical experiments and CFD-modeling. It is in
the nature of computational fluid dynamics (CFD) to compare the simulated data with
the experimental data in order to observe any correlation, thereby weighing whether the
result is true to reality.

3.1 Experimental Setups

The experimental results are an important part of this work. They provide data that
are the foundation for the working principle of the RBRs. They are the rotation speed,
torque requirement on the motor, axial force and power consumption. These experiments
were performed on two different types of the RBRs. One is an RBR S2 (Figure 1) model
which is quite small in size and the other model is RBR S14 which is a much larger
version (Figure 2).

3.1.1 Experimental setup for RBR S2

The RBR S2 shown in Figure 1, has the following dimensions. Height of 30 mm, a di-
ameter of 45 mm, a shaft which is 38 cm long, volume of 28 mL and its weight is about
317 g in total (these and other detailed description can be found at [3]).

In order to perform the experiment successfully, some other components were used. The
experimental set up can be seen in Figure 4. On this occasion CAT R20 stirrer motor
was used as seen Figure 4, point C and a shaft that is connected to it. The motor’s speed
range is between 40-2000 RPM, its power consumption is about 60 W with torque 60
Ncm [14]. RBR S2, water container and water can be seen in B. In this case the RBR
is not packed with any particle and no filter in it. A kitchen scale and multi functional
energy meter were used as seen in positions, A and D respectively.
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Figure 4: Shows the experimental setup for RBR S2.

This shaft-inserted motor is connected to the RBR as described above which in turn is
beded into the water container. By gradually increasing the RPM from 0-2000 with step
100 RPM. At time we could measure the power consumption of the RBR under the whole
range by a multifunctional energy meter (seen in D) that could display directly (power
and power factor) under the hole range. At the same time the axial force that comes
from the electric motor and RBR, creates thrust/axial force on water due to Newtons
third law. Which states, if an object A exerts a force on object B, then object B must
exert a force of equal magnitude and opposite direction back on object A (written as
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FA = −FB) [19]. The thrust of the shaft can be observed on the kitchen scale under
the whole range, which is a function of RPM and increases as RPM increases. These
values (both electrical power consumption, thrust, torque and power number) are plotted
against the RPM to study how it changes over time. Particularly in this experiment the
study were done at one occasion when RBR is placed in the middle of the container and
at another occasion when it is at the bottom but slightly above the bottom container
surface. Another experiment were also performed when the RBR is not loaded and spins
in the air. Buy doing that, the experimental results can be compared to study different
phenomenon such as fluid forces and power consumption’s at different locations and
speeds.

3.1.2 Experimental setup for packed RBR S2

The experimental setup and the parameters investigated in this subsection is exactly the
same as in Figure 4. The only difference that this one is packed with a particle called
"AMBERLITE XAD1600N" which is designed for applications where the separation
of two or more similar species is required. This technology is applied in Recovery and
purification of antibiotics, water soluble steroids, amino acids and proteins [20]. Now that
the RBR is filled with particles, we get different fluid dynamics and it will be compared
to the previous one.

(a) (b)

Figure 5: Shows the experimental setup when RBR S2 is filled with AMBERLI-
TEXAD1600N.
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3.1.3 Experimental setup for RBR S14

The principle of experimental set up is the same as the previous one, but differs on the
material requirement and data collection method. This experiment was performed on a
larger model, called RBR S14 which weighs about 14.2 kg, height 31 cm and diameter of
33 cm. The detail description can be found on [3].

This RBR is set up with a shaft connected to a three phase motor which can be seen in
Figure 6 at point D. The RBR S14 as it can be seen in point C, is then immersed in a
water container(point B). For data collection, the NORDCON software was used, which
is connected from a computer (at point E) to a three-phase motor (at point D). With
computerised measurement system, the motor frequency, electrical power, the current
consumed to turn the motor and torque could be obtained. The axial force that the
water experiences from the RBR can be observed on a bathroom scale, which can be
seen in point A. By gradually increasing the RPM of the motor from 0-250 successively
step by step, we could measure the desired data. The maximum given speed of this
RBR is 400 RPM as given in the specification [3], the three phase motor could deliver
maximum of 340 RPM but the experiment could not be performed all the way since we
get flooded after 250 RPM. Thus the maximum speed in this case is 250 RPM.
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Figure 6: Shows the experiment setup to measure various parameters. In the Figure,
the important parts are marked with the letters where, A is the bathroom scale, B is
container filled with water, C is the RBR, D is a three-phase motor and E is a laptop
connected to the motor.
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3.2 Frozen-rotor Study Simulation For RBR S2

3.2.1 Geometry clean up

The geometric specification for RBR S2 was conducted from SpinChem AB. In order
to be able to simulate, a geometry that is suitable must be able to import (or be able
to extract dimensions) to COMSOL Multiphysics. The geometry needed to be changed
carefully in a way that it would not effect the result in simulation. For this there is CAD-
Space claim that is free for students which could be used. Using that, the geometry could
be changed from Figure 7a, where the entire mantle area (except the four baffles), an
inner and outer filter are removed as well as small fillings were made to obtain Figure to
7b. It can then be imported in a suitable file if one have a COMSOL license that supports
CAD modules. In this case, the dimensions were extracted in Spaceclaim instead and
built up manually due to lack of license.

(a) (b)

Figure 7: Shows the transformation of the geometry by removing parts of the RBR which
considered not to effect the results.

3.2.2 Geometry

Simulating for 3D geometry can be demanding for comsol and some efficient methods can
be chosen to simplify the computational time, number of cells in mesh and the memory
needed to store the huge solutions. Since there were two symmetrically placed holes
(Figure 7), the geometry could be cut in the middle (together with water container), as
seen in Figure 8 and multiply the result by 2 to get the solution for the whole geometry.
There were a total of 3 regions in this geometry. Region 1 which is a fixed wall (stationery
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outer wall which is the water tank), region 2 which represents water domain and region
3 the RBR. Domain 2 and 3 are movable parts and when the motor is switched on, they
starts to rotate together. Therefore this moving mesh is applied for rotating machinery
to it. For this particular simulation five speed points were chosen since this is not a
time-dependent solution. Those are 400, 800, 1200, 1600, and 2000 RPM which is then
compared with experimental data.

Figure 8: Shows the simulation geometry for RBR S2, with three regions. 1 being solid
wall, 2 being the liquid water and 3 the RBR itself.
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3.2.3 Boundary and cell zone conditions

The geometry that is meshed for RBR S2 setup can bee seen in Figure 8 which is part
of the true system. Periodic boundary condition is used to simulate this portion (1/2 of
the total geometry) to approximate the larger system by using a small part called a unit
cell that could be mapped with similar frequencies [17]. The zone condition of domain 2
and 3 (Figure 8) were set to a frame motion simultaneously while domain 1 is a fixed.

3.2.4 Mesh

The geometry consists mainly of water as can be seen in Figure 9, the RBR itself as
well as its shaft only constituted a fraction of the whole volume. The mesh element
type consists mainly of tetrahedral, prism and hexahedral as well as some small number
of triangular mesh, pyramids and quadrilateral mesh used far away from center. Free
triangular and tetrahedral mesh is used on the RBR boundaries where it is highlighted
with red rectangle in the center part and circular region on the top of the water container
which can be seen in 9. The mesh around the boundaries set be finer mesh. Far a way
from the boundaries are mainly meshed with free tetrahedral and some on the boundaries
is also created, which set to be fine. Boundary layer mesh to this particular set up is set
be five thin elements.

The mesh for this particular geometry is mixed with structured and instructed mesh.
Unstructured mesh is more general and is used almost for all geometry, but uses a lot of
mesh elements.
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Figure 9: Shows the chosen mesh for the geometry together with RBR.

3.3 Frozen-rotor Study Simulation For RBR S14

3.3.1 Geometry clean up

The geometric model on which the study was to be performed was offered by SpinChem
AB. Then it was modified in a way to be able to simulate on to achieve the desired goal.
This could be made possible with the help of CAD SpaceClaim software, where design
concepts are created by pulling, moving, filling, combining, and reusing 3D shapes [16].
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The transformation of the figure can be seen in Figure 10a to Figure 10b. This could
then be imported into COMSOL if one has a CAD module licence or can extract the
exact dimension by the measurement method in SpaceClaim to build in the software(in
my case it was the later one).

(a) (b)

Figure 10: Shows the transformation of the figure by removing parts of the RBR which
considered not to effect the results.

3.3.2 Geometry

The experimental setup for this model is the one that can be seen in Figure 6. In the
same manner as before, the experimental set-up is recreated in software. The simplified
model seen in Figure 10b is cut into 1/4 of its original size (the original size is the one
seen in figure 10a). This was done partly to reduce the simulation time but also to
facilitate the calculation burden for the software (since this is computational heavy) and
takes a lot of memory space. The geometry is divided into three regions as can be seen in
Figure 11. Different domain conditions was set in these regions during the simulations.
Domain 1 represents the region filled with liquid water, domain 2 is the RBR when it is
immersed in water and domain 3 represents the solid region of water container.
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Figure 11: Shows the simulation geometry seen RBR S14. The geometry consists of
three parts marked with numbers, where 1 is the liquid domain, 2 is the liquid RBR
interface and 3 is the liquid container.

3.3.3 Boundary and cell zone conditions

The geometry that is meshed for this particular setup can bee seen in Figure 11 which
is part of the true system. Periodic boundary condition is used to simulate this portion
(1/4 of the total geometry) to approximate the larger system by using a small part called
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a unit cell that could be mapped with similar frequencies [17]. The zone condition of
domain 1 and 2 (Figure 11) were set to a frame motion simultaneously while domain 3
is fixed.

3.3.4 Mesh

The geometry mainly consisted of water as can be seen in Figure 12, the RBR itself as
well as its shaft only constituted a fraction of the whole volume. Free triangular mesh is
used on the RBR boundaries where it is highlighted with red rectangle in 12. The mesh
around the boundaries set be finer mesh. Far a way from the boundaries are mainly
meshed with free tetrahedral and some on the boundaries is also created, which set to
be fine. Boundary layer mesh to this particular set up is set be five thin elements.

Figure 12: The mesh of the geometry seen from the front size.
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4 Results

This part presents each collected data and the different experiments as well as the results
of the simulation models.

4.1 Experimental results

4.1.1 Experiments on RBR S2 when its not packed with particles

We begin by studying the the thrust or axial force exerted on water by a rotating shaft
with an RBR connected to it. Three repeated experimental measurements of thrust as a
function of angular velocity is shown both on Figure 13a, where the RBR is placed in the
middle of the tank and Figure 13b where the RBR is placed at the bottom of the tank
are made. The measurement data for this can be found in the appendix, in Table 1-3.
The three series measured in Figure 13a shows that the thrust has a linear dependency
on angular velocity up until 1000/1200 RPM. Within that range we have almost the
similar axial force for all three measurements which approximately are between 100-150
N. Above those speeds, the thrust is very chaotic and starts fluctuating. At some point
as in the blue curve in Figure 13a at 1600 RPM, the thrust force is as low as 10 N while
the other two graphs shows 140 - 160 N.

The same situation repeated by changing the position of the RBR this time from the
location in the middle of the container to the bottom. slightly above the bottom area of
the container by 3 cm. In this case also same amount of measurements are med, which
can be seen in Figure 13b. In this case it is more stable development of thrust as function
of speed. The measurement data almost coincides one another. We have steady growth
right from the start all the way to its maximum speed, whereas in the past there were
an extreme amount of twists and turns specially at the higher speed. It is worth nothing
that the thrust is five times higher at the speed of 2000 RPM. The measurement data
for this can be found in the appendix, in Table 1-3.

(a) (b)

Figure 13: Shows a series of collected measurements when the RBR is placed in middle
and at the bottom of a water container respectively.
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In this study one of the tasks were to investigate the torque acting on the bedded water.
Figure 14a shows a series of three measurements on the torque required to rotate both the
RBR and water altogether about the z-axis, from 0-2000 RPM. The experimental result
of the torque can be seen i Figure 14a, when the RBR is place in the middle and Figure
14b at the bottom. Thus the torque is not effected as much as thrust by changing the
position. There seem no difference except some small difference in force magnitude and
some small fluctuations. The measurement data for this can be found in the appendix,
in Table 1-3 when the RBR is int the middle of container and Table 4-6 when it is placed
at the bottom.

(a) (b)

Figure 14: Shows the torque acted on the RBR at two different location.

Another important parameter in this study is the electrical power consumption of an
RBR. In Figure 15a och 15b power consumption relation as function of velocity. Figure
15a shows the power draw when the RBR is placed at the center of the water container.
The power draw at the maximum speed is about 35 W in the center. Figure 15b shows
the power draw when RBR is immersed at the bottom of the container. There we have
a power draw of about 30 W at 2000 RPM. What is worth noting here is that the power
data is quite stable all the way and all three repeated measurements coincides almost.
This shows that the power data does not have a large random error. The data provided
in appendix, for Figure 15a in Table 1-3 and Table 15b 4-6.
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(a) (b)

Figure 15: Shows a series of power consumption when RBR is immersed at different
location.

Figure 16a, shows a series of measurements (it also can be found in Table 1-6) which
shows when the RBR spins in the air and without RBR respectively. The development
are thus a linear increase in power consumption with increasing angular velocity. The
measurements follow closely next to each other (and with that we confirm that the
measurements have been made reasonably well). Figure 16a shows the power consumed
from motor when there is no RBR.

(a) (b)

Figure 16: Shows the power consumption unloaded with and without RBR.

4.1.2 Packed experiments on RBR S2

The phenomenon and parameter studied in this subsection are the same as the previous
one (with unpacked RBR), however the RBR is packed with particles in this case, which
gives a different dynamic of the fluid. The data for the plots given in Figure 17 - 20 are
presented in Table 8-15.
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Primarily, the axial force exerted on the water from the shaft and the RBR is examined.
At one occasion in the middle of the tank as in Figure 17a. Up until 600 RPM there is
no reaction in all three cases. After wards there is some linear and steady progress of
the thrust. At the final speed which is 2000 RPM, the thrust is about 130 N. Figure 17b
Shows more stable development with less fluctuations. The development are parabolic
with stronger thrust force. The final thrust is about 300 N at 2000 RPM, which is more
than two times higher than when RBR is in the middle.

(a) (b)

Figure 17: Shows the evolution of thrust as function angular velocity at different loca-
tions.

Figure 18a shows the torque exerted on the water in the middle of container. The
evolution in this case is similar to each other with some initial fluctuations at the lover
speed and more stable at higher speed. Figure 18b shows the torque at the bottom of
the container. In this case we have more stable progress all the way with small difference
from Figure 18a. In both cases there are a steep parabolic development and similar
experience of torque. Thus, there is no significant difference in torque at the different
positions.

(a) (b)

Figure 18: Measurement of several experimental data on torque requirement at different
location in the water container.
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Figure 19a, shows some steady development of power consumption in the middle of water
container. Figure 19b shows power consumption at the bottom of water container. Each
three measurements both in the middle and at the bottom show similar pattern and
parabolic evolution as function of speed. At the highest speed in this figure, the power
consumption is same, namely 20 W.

(a) (b)

Figure 19: Shows power consumption at different location over a range of angular
velocities.

Figure 20a shows three measured values of power consumption when the RBR is packed
with particles and spins in the air. This is to get an idea of how much current the RBR
draws when it is not loaded. There we also see a linear power consumption with varying
speed and at maximum speed we have about 12 W. The same number of measurements
are made, which is given in Figure 20b, however RBR is not installed at all, just the
power that the motor consumes. At maximum speed we have about 10 W in that case.
These power measurements can serve as a reference power where we can compare other
electrical power consumed with these when the RBR is loaded with different fluid.
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(a) (b)

Figure 20: Shows the power consumption of a packed RBR and the power consumption
of the motor when the RBR is not installed.

4.1.3 Combined individual results of the experiments for unpacked and
packed RBR S2

In this subsection, the combined results of both the unpacked and packed RBR are pre-
sented. That is, combining them by taking the mean value of the data available on the
appendix from Table 1-15, which is also presented in Figure 13- 20. The same phenom-
ena and same parameters are studied in both cases, there fore it logical thing to do by
to combining the results in the same plots so that similarities and differences can be
observed clearly. Furthermore, the average value of the individual data is taken, which is
safer and more likely data to analyze on. Section 5.1.1 and 5.1.2 serve more as evidence
by showing that it is good experimental data because there are no significant differences
and therefore it is a reliable data.

In Figure 21, different mean values are presented together. From this one can observe
that the lowest axial force are exerted when the RBR is both packed and unpacked and
is in the middle which are shown in the blue and black graph. Thrusts are below 200 mN
in both cases at 2000 RPM. When RBR is packed and placed at the bottom we still have
low thrust on RBR, slightly above 200 mN. However, when it is unpacked and placed
in the bottom, we have a much stronger axial force experienced by the RBR, which is
almost 5 times larger that shown in the purple graph.
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Figure 21: Shows measurements of the thrust exerted on RBR at different location

Figure 22, shows the combination of all the torque requirement of the on the motor at
different speed and locations. The absolute lowest torque requirement is when the the
RBR is packed and lowered to the bottom as in blue curve followed by the packed RBR
in the middle torque in the middle as in green curve (although both of them are very
close to one another). Both of them have 0.1 Nm at the highest speed and varies in
overall evolution with increased speed. The torque requirement is higher for unpacked
at the bottom with approximately 0.15 Nm and even higher with unpacked and placed
in the middle with 0,17 Nm.

Figure 22: Shows combinations of torque required on the motor at different locations
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In Figure 23, three different unloaded powers consumed are examined. The black curve
shows the power consumed by the the electric motor only. The highest value observed is
at 1900 RPM which corresponds to 10 W in the y-axis. The second which is the green
curve which shows unloaded power consumption when the RBR is not packed. That one
is little bit higher power consumed than the minimum power consumed by the motor.
The highest unloaded power is consumed when the RBR is spinning in the air, although
the difference between all three are very small. The unloaded electrical power serve as
reference, to compare power consumed at different occasions.

Figure 23: Shows unloaded power consumed in three different scenarios

Figure 24, shows a comparison made when the RBR is both packed and unpacked in
the middle of the tank. As it also shows in the figure that the power is consumed less
when the RBR is packed as shown in the purple graph, with about 24 W at maximum
speed. However, when the RBR is unpacked, there is much more power consumption even
though we are in the same position (namely in the middle of the tank). At maximum
speed we have 35 W.

31



Department of Applied Physics and Electronics
Umeå University October 14, 2021

Figure 24: Shows loaded packed and unloaded unpacked power consumed.

In Figure 25, a comparison is now made instead when the RBR is positioned at the
bottom of the water tank for both packed and unpacked. The light blue curve shows in
Figure 25 the whole evolution for the packed RBR with the 24 W at 2000 RPM. More
power is consumed when the RBR is unpacked at the bottom also as it is shown in the
cyan graph, with about 33 W at maximum speed(2000 RPM). Thus it is apparent by
now that the fluid flow is very different when the RBR is packed and unpacked.

Figure 25: Shows loaded packed and unloaded unpacked power consumed at the bottom
of the water container.

A lot of information has been said so far and it can be difficult to keep track and remember
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all the plots and their scales. Therefore, all of these figures have been summarized in
Figure 26.

Thus here it can be seen that the absolute greatest power consumption is when the RBR
is unpacked and placed in the middle as shown in the dark blue graph in 26, followed
by the unpacked at the bottom which is placed at the bottom. However when the RBR
is packed with particles, there is no significant difference either. This can also be seen
clearly in the light blue curve and the purple curve that almost coincide nicely into to
each other. Depending on what one are interested in, one can take a difference with the
reference powers to estimate the exact power the RBR consumes.

Figure 26: Shows a combination of plots in different places in all cases when the RBR
is both packed and unpacked.

4.1.4 The experimental results of RBR S14

Below is the result from experiments done on RBR S14. The parameters examined for
model S14 are the same as the previous one. The difference is the size of the RBR and
the choice of the examination location. Just as the previous one, this is also done at two
different locations. One when the RBR is placed in the center which is symmetrical and
the other when the RBR is offset towards the edge which is an asymmetrical situation.
The repeated measurements will be presented first to analyze the individual data which
will be followed by the the mean data.

The measurement data for the plots given in figures 27-30 can be found in appendix
in Table 16-22. In Figure 27a, a steady increase of thrust up to 150 RPM is observed,
reaches a maximum and continue to decrease. At the maximum point (About 150/160
RPM), the highest value of the thrust is reached, which is about 15 N for the blue curve
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and less than 10 N for the others. The minimum thrust value according to the Figure
is -50 N. In the case of Figure 27b, the thrust force is unstable right from the start. At
maximum point, the values of thrust is observed to be about 24 N for the red curve, 22 N
for the blue, 20 N for the green, 18 N for the black and around 15 N for the black curve.
The smallest observed thrust force value according to the figure is -30 N (the minus signs
indicates the direction).

(a) (b)

Figure 27: Shows repeated measurements of thrust force both at center of the tank as in
a) and at the edge as in b).

In this study, we also examine what power the motor draws and what torque is required
when the motor is running unloaded as a reference. Below in Figure 28a, the power that
the motor consumes when it spins unloaded in the air is shown. There we thus have
three individual measurement values that follow quite closely to each other, which also
confirms our measurement values are good and coherent. At 300 RPM we have 350-450
W consumed and the development is quite linear as a we increase in angular velocity.
The reason why there are a lot of points at a certain speed is because the oscilloscope
documents several values fast and continuously when it is turned up to a certain speed.

Figure 28b, shows measurement of individual data repeated three times just as before.
The measurements shows the torque requirement on motor. The individual measure-
ments follow quite nicely each other but there are a lot of fluctuations also between each
other. The maximum value for torque documented in in this case is 11-14 Nm at 300
RPM.
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(a) (b)

Figure 28: Shows the unloaded power consumed and unloaded torque requirement.

Since we have more focus on what happens when the RBR is place in the center (which
is also where the simulation takes place in comsol), we have taken a little more data at
the center of the water container (5 pieces of repeated measurement). Figure 29a, shows
a steady and linear increase in power consumption with increasing speed. The highest
value of the power here is between 300-380 W at 250 RPM. In Figure 29b, we also have
a steady increase but not so linear instead a bit like a parabolic development as well.
Thus we observe a higher power use here than in the middle.

(a) (b)

Figure 29: Shows the power consumption of an RBR at different space.

In Figure 30a, four different torque measurements are shown where we can observe the
torque requirement over a range of 50-250 RPM. Measurements of the torque are quite
unstable and fluctuating. The highest values can be observed at 200 RPM between 12-16
Nm approximately. In Figure 30b, the torque requirement is shown when the RBR is
pushed more towards the edge. We have a steady and linear development of torque as a
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function of speed. We have much higher torque requirements when the RBR is pushed
towards the edge compared to when the the RBR is at the center (better mixing at the
expense of more power consumption). Even at speed as low as 220 RPM, the torque
requirement is already between 17-20 Nm compared to the center.

(a) (b)

Figure 30: Shows torque requirement at two different locations. Namely when the RBR
is placed at the center of the container, a) and when the RBR is offset towards the edge
of the water container as in b).

4.1.5 Combined individual results of the experiments for RBR S14

In this subsections, the individual and repeated measurements done in previous subsec-
tions are summarized. Based on the summary (which is a mean value of the individual
measurements), the experimental results are considered to be more credible.

In figure 31,the thrust force is shown as a function of the rotating speed. The red curve
represents the mean value of the thrust when the RBR is placed against one edge and
the blue curve represents the mean value measured at the center. In the increasing part
of the the blue curve which is measured at the center of the container the value of the
thrust force is about 20 N, while it is below 10 N as the maximum value when it is placed
against the edge. In the decreasing part (after the peak point), however a higher value
observed -40 N, a difference of 30 N. However, for the blue curve becomes -10 N. The
minus sign here only presents direction but it has nothing to do with magnitude.
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Figure 31: Shows mean value plots of the thrusts measured when the RBR is symmet-
rically centered as in blue graph vs when the RBR is positioned at the edge, red curve.

Figure 32, shows mean of three different power measurements as function of speed. The
green curve shows torque required when the RBR is place at the edge, while the red
graph shows torque requirement when the RBR is placed symmetrically centered in the
middle of the water container. The blue curve shows torque required from the motor to
consumed when the RBR is unloaded and just spins in the air. As we can see in the
graph, the highest torque requirement is when the RBR is place at the edge by almost
1/3 followed by the center power consumption.

Figure 32: Shows the power consumed, when the RBR is unloaded, at the center and
ofset at the edge.
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Figure 33, shows mean value of three different power measurements as function of speed.
The black curve shows the electrical power consumed when the RBR is place at the
edge, while the red graph shows power consumed when the RBR is placed symmetrically
centered in the middle of the water container. The blue curve shows the electrical power
consumed when the RBR is unloaded. As we can see in the graph, the highest power is
consumed when the RBR is place at the edge by almost 1/3 followed by the center power
consumption.

Figure 33: Shows power consumed at three different stages. Blue curve being when the
RBR spin in the air, red curve when the RBR is immersed in water at the center and
the black curve when the RBR is placed at the edge.

4.2 Sensitivity study

A sensitivity analysis was performed on the parameters examined in this project and
how they affect the result. It starts with looking at the RBR S2. In both cases when
the RBR is packed and unpacked, one can see that it is sensitive to position and speed.
When the position is changed, the thrust force changes significantly, for example when
the RBR position changes from the middle of the water tank to the bottom, the thrust
force increases almost 5 times more (200Nm in the middle while it is 1100 Nm) as shown
in Figure 21. However, it is not as sensitive to torque and power consumption Figure 22
and 26. The difference in power consumption is about 5 W. However, when the RBR
packed versus unpacked, we also have a significant difference. In other words, the mate-
rial that the RBR is packed with has its impact. All parameters are strongly dependent
on the speed regardless of the position, with increasing speed the values of these param-
eters increases.

For the RBR S14, the position was compared when positioned toward the center versus
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when shifted toward the edge. Even there, higher thrust force develops when the RBR is
placed against the edge (see Figure 31). The difference can be as large as 40 N. However,
the liquid is mixed better when it is placed against the edge. Both torque and power
consumption are sensitive when the RBR is offset against the edge as can be seen in
Figure 32 and 33. The difference in torque is 18 Nm at the edge compared to 12 Nm in
the central part. The power difference is about 380 W towards the edge compared to 280
W in the center. So the position where RBR is placed is something to be reckoned with.

The thrust force for the RBR S14 shows that a certain angular velocity reaches a maxi-
mum then it grows down. This happens in both cases when the individual measurements
were repeated several times in the center of the container and at the edge as shown in
Figure 27. Same thing is shown in the mean value as shown in Figure 31. Although I
can not explain what the underlying physics is, it does not happen by chance (the test
was performed several times). So something influences so that it behaves in this way.
However, in the simulation, this will not be the case for both the k − ε model and the
k − ω model shown in Figure 53. Thus, Comsol does not feel it in the way it appears in
the experiment. Even there, an important information is lost in the simulation if it had
not been for the experiment.

4.3 Simulation Results

The simulation results achieved for both RBR S2 and RBR S14 are presented below
respectively. Both models were simulated with COMSOL Multiphysics 5.4.

4.3.1 Simulation Results for RBR S2

Figure 34, shows the velocity distribution when the RBR is bedded in a water container
and spins at a speed of 2000 RPM in counter clock wise (as indicated with volume
arrows). Figure 34a shows the whole geometry while figure 34b, shows an enlargement
of the central part to see more closely how the tangential velocity behaves around the
RBR. As it can be seen Figure 34, the fluid domain has the highest velocity at the center
part of the tank compared to the lower part and upper part of the container.
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(a) (b)

Figure 34: Tangential velocity distribution when RBR S2 is bedded in water tank.

The flow velocity distribution can be further visualized by cutting the cylinder in the
middle into an xz plane compared to Figure 34, when the visualization takes place from
the back of the tank in a half cylindrical shape. In Figure 35a, the description that was
given earlier is confirmed. Figure 35b, shows when the RBR is lowered to the bottom and
3 cm above the bottom surface. There we also see the fluid’s highest velocity distribution
around the RBR and lower further away. By cutting the velocity profile as shown in
Figure 35c and 35d into slices, the velocity distribution can even be visualized more
clearly, that the velocity is very high where there must be high high turbulence intensity
around the mantle area whereof lower the further away (vertically up or down).
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(a)
(b)

(c) (d)

Figure 35: Shows the velocity distribution when the RBR is located at different locations
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Figure 36, illustrates where the RBR experiences the most resistance when immersed in
water. Both in the middle as in Figure 36a and at the bottom as in Figure 36b, the RBR
experiences similar resistance, but differs magnitude which will be shown later.

(a) (b)

Figure 36: Shows the resistance experienced on the RBR, which will require more elec-
trical power to continue with rotation.

Figure 37, visualises the radial flow distribution in different locations. Figure 37a shows
the radial flow distribution for the whole domain cut in cross section in xz-plane. Figure
37b, shows an enlargement of the central part where the RBR is located to make the flow
dynamics right there. In case 37c and 37d repeated the same situation but the RBR is
placed just above the bottom surface. There you can see some large eddies, vortices, in
and out flow as indicated by the arrows.
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(a)
(b)

(c)
(d)

Figure 37: Illustrates the radial velocity of observed in xz-plane
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Figure 38, shows an isosurface which is a surface that represents pressure distribution
within a volume space. That allows us to study features of a fluid flow around the RBR.
From the figure we see that we have the highest pressure on the outside at the water
tank surface and around outer radius of the RBR. In the central part there is a lower
pressure distribution. The lowest is exactly in the center point as shown both in Figure
38a and 38b when RBR is in the center but also when it is at the bottom as in Figure
38c and 38d.

(a) (b)

(c) (d)

Figure 38: Isosurface which represents pressure distribution at different location around
the RBR
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Displays mesh quality illustrated with different colors. The mesh quality is between 1
and 0 (the red line to the right of the figures). Where the green is 1, which means the
best possible mesh and 0 for the red, which means bad mesh. In the entire simulation
domain that shows in Figure 39a is green which indicates that the mesh quality is good
as a whole. Around the central part where the RBR is located, we can see in more detail
in 39b that the mesh quality is green and yellow which indicates that it lies above 0.5/0.6
and more close to green. Thus the mesh quality is good.

(a)
(b)

Figure 39: Shows mesh quality illustrated with colors and the scale to the right between
1 and 0. Where 1 is green which means best mesh and the red 0 which means bad mesh
and everything else is in between.
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4.3.2 Simulation results for RBR S14

Figure 40, illustrates the water flow that rotates in the xy-plane around the z-axis. The
flow takes place in a counterclockwise direction, with a flow velocity corresponding to
250 RPM. Figure 40a, shows tangential velocity fields for a quarter cylinder, cut with
a plane to illustrate the velocity fields and illustrated with different colors. Figure 40b,
shows the tangential velocity in the xz-plane, with the lowest velocity in the center and
highest velocity in the periphery as expected.

(a) (b)

Figure 40: Illustrates the velocity distribution along the z-axis in xy-plane in case a and
xz-plane in case b.

Figure 41, Shows the tangential velocity distribution for the two turbulence models. Fig-
ure 41a shows velocity field distribution for the k − ε turbulence model and Figure 41b,
shows for the SST k − ω turbulence model. Seen from Figure 41a, the velocity field is
faster in the case of SST k− ω. This does not have to be true, but the k− ε model may
over predict the result.
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(a) (b)

Figure 41: Shows the velocity field profile for the two turbulence models

Another study made to look closely how the radial velocity behaves. In Figure ?? shows
the flow pattern for the k − ε model while 42b, shows the flow patter for SST k − ω
model. The inflow and out flow pattern is the same for both models (which is upper
and bottom hole for the in flow and radial outward for the out outflow). However the
separation region are more are more obvious in k − ε case as compared to the SST
model. However we have more intensive mixing for the SST k−ω model, and it is clearly
observed especially at the wall. More vortices indicates more turbulence at the walls as.
Because it is right at the wall that a lot of action happens such as turbulence production,
dissipation and diffusion.
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(a) (b)

Figure 42: Shows the radial flow of the fluid for the two turbulence models with higher
and intensive vorticity description in the case of SST k − ω model in b)

Figure 43, shows the isofurcase pressure distribution, where we have similar distribution
for both turbulence models. The lowest regions being at the center (in the blue region)
and around the center. The further away from the center, it increases gradually all the
way to the water container walls. However the pressure distribution is higher for the SST
k − ω model. For example the highest observed value is 1 · 105 for the k − ε while it is
1.01 ∗ 105 for the k − ω model.
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(a) (b)

Figure 43: Shows the pressure distribution in the water container for the two turbulence
models.

Figure 44, shows the regions where the RBR experiences torque. The torque is experi-
enced in a similar way for both turbulence models as it can be seen in the figure. However,
this also differs with numerical values just as other parameters have done. For example,
the maximum torque experienced for the RBR is about 1 · 103Nm for k− ε model while
it experiencing 1.5 · 103Nm for SST k − ω.
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(a) (b)

Figure 44: Shows the torque experienced for the two turbulence models

4.3.3 Mesh quality study

How the mesh plot method works and its scale is explained in section 4.3.1. Even when
the entire simulation domain is important, some parts are extra important. For example,
the areas marked in red around the RBR, where the interface takes place between the
liquid and the RBR as shown in Figure 45 and how the boundary layer is formed. The
mesh quality is very very mixed.

Around the metal surface (the baffles) that bind the upper side to the bottom side, five
boundary layers are formed and the mesh quality in those regions are > 0.5. However,
around the discs themselves (both the upper and bottom one ) are the mesh quality is
poor and it failed to form proper boundary layer also. This can be clearly seen in Figure
46, which is zoomed in from Figure 45. So there we see that the mesh quality is poor,
which means that the flow is poorly resolved around these areas, especially when using
SST k − ω model, where the flow has to be resolved all the way to the viscous sublayer.
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(a) (b)

Figure 45: Shows the mesh quality plot seen from different angle.

(a) (b) (c)

Figure 46: Shows the areas that are enlarged to illustrate interesting places for the
simulation around the interface.
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4.4 Combined experimental and simulation result

This sub-section presents the results that have been achieved this far by combining the
simulation with the experimental results. It starts by introducing the RBR S2 results,
when it is unpacked to since the simulations are done that way. This is done both in the
middle and at the bottom of the water tank, then it is followed with the result for RBR
S14. The simulation part for RBR S2 is done only with the k − ε model in two different
positions. For the RBR S14 the simulation part is done both with k − ε and also SST
k − ω (thus two turbulence models were used.

4.4.1 Combined result for RBR S2

Figure 47, shows the torque required over the whole range but particularly at 2000 RPM
(which is the maximum speed). At that speed the torque required is about 0,12 Nm
for the experiment and about 0,04 Nm for the simulation in the middle of the water
container. Similarly 0,1 Nm for the experiment and 0.02 Nm for the simulation.

Figure 47: Show the torque requirement at different locations measured experimentally
and by simulation.

Figure 48, shows the electrical power consumed in the middle of the container. Thus the
maximum power consumed is about 25 W , for the experiment and is about 7 W for the
simulation in the middle of the container (which is quite low in comparison). The power
consumed when the RBR is positioned at the bottom is about 20 W for the experiment
and is about 5 W for the simulated result.
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Figure 48: Shows the power consumed both in the center and at the bottom of the
container.

Figure 49, shows the result of the thrust force in different locations, for both experiments
and simulations. The highest thrust is experienced when the RBR is at the bottom of the
tank. The maximum axial force experienced at the highest speed which is 2000 RPM.
At that point we have about 5 N for the simulation and about 1.1 N for the experiment.
In the middle of the tank we have about 2 N for the simulation and about 0.1 N for the
experiment.

Figure 49: Shows the thrust, which is the axial force on the RBR measured at different
locations for both simulation and experiments.
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Figure 50, show the plots of the two dimensionless parameters, one is the power number
and the other is Reynolds number. As discussed in subsection 3.4 and shown in the graph
of Figure 3, it is possible to determine the regions where the flow is laminar, turbulent
and transitional region in between. At a fully developed turbulent region which is where
Re > 104, a power number could be determined. From The figure 50, where Re = 2.8·104
we have a power number of 3.6 for the experiment and 1.2 for the simulation in the middle
of the container. Similarly about we have a power number of 2.8 for the experiment and
0.8 for the simulation at the bottom of the container.

Figure 50: Shows the plot of power number against Reynolds number at different posi-
tions in the water container for both simulation and experiment.

4.4.2 Combined result for RBR S14

Figure 51, shows the torque requirement over a range of speed. The highest speed for
the experiment in this case is 200 RPM which is where the evaluation takes place for the
RBR S14. At that speed the torque required to rotate the RBR is about 2.5 Nm for
the both the experiment (although it is difficult to read a data properly) and the k − ε
turbulence model. For SST k − ω model we have about 1.1 Nm.

54



Department of Applied Physics and Electronics
Umeå University October 14, 2021

Figure 51: Show the plots of torque vs speed, where the plots represents the experimental
data(blue curve) and turbulence model k− ε(red curve) and SST k−ω (magenta curve).

Figure 52, shows the power require to rotate the RBR at the speed of 200 RPM. For both
experimental and k − ε model we have about 40 W and 20 W for SST k − ω turbulence
model.

Figure 52: Shows the power consumption an RBR as a function of speed, for the exper-
iment and the two turbulence models.

Figure 53, the development of thrust over a range of speeds. If we look at 150 RPM the
experimental data shows about 15 N. The two turbulence models follow very closely into
one another and therefore shows about 6/7 N.
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Figure 53: Shows the axial force as a function of speed, for the experiment and the
simulations.

Figure 54, the plot of power number against Reynolds number. The graph is flat which
indicates it is in the fully developed turbulence region right at the beginning. Since the
Re = 1.5 · 105 and at that point the power number for k− ε model gives about 0.5 while
the SST shows about 0.28. The power number for the experimental data is about 0.001.

Figure 54: Shows the power number plot against Reynolds number for the experiment
and simulations.
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5 Discussion

This section deals with the discussion part in the same structure as it has been done
before for the method and result parts. That is, the result of the different parts of the
experiments and the simulation would be discussed in the in the same structure to uphold
a logical ordering.

5.1 Experimental result discussion

The experiments were performed in different positions to investigate, among other things,
whether we can achieve the same result despite the fact that we make the measurements
in different places. Because if we get the same results with the simulations, we can also
draw general conclusions. If it does not give the same result, then conditions can be set
up in which the result is valid.

5.1.1 Experimental result of RBR S2 when it is unpacked

Figure 13, Shows measurement of the thrust force at two different locations (thrust in the
middle and bottom as a function of speed) to compare and it behaviors different at those
two positions. A steady and linear development occurs to half of the maximum speed
but alternates a lot as shown in Figure 13a after that, this may be due to the fact that
speed is unnecessarily to high (1000 RPM and beyond), a vortex is created where air can
enter and create an instability in the liquid (which may not contribute to a better mixing
but rather creates disturbance). The investigation continued by lowering the RBR to the
bottom of the tank (Figure 13b), and here we do not see a similar situation. It is rather
more stable. Thus air indeed creates this disturbance when the RBR slightly under the
water and closer to the upper surface. However, the axial force is five times higher by
lower position to the bottom. One of the factors that may have an affect is that the
static pressure in the liquid which contributes to the higher resistance in the liquid which
in turn leads to higher resistance. Figure 14, shows the the individual measurement for
the torque requirement. In contrast to the thrust force, the torque requirement is rather
stable and does not differ significantly. Thus the torque requirement is not sensitive
by changing the location while the thrust force does. Power consumption has the same
trend and development as the torque (which is expected), since power is a product of
the angular velocity multiplied by the torque. The power also has a stable development
both in the middle and bottom case with small difference like 5 W (se Figure 15). The
unloaded power (in Figure 16), shows the power consumed by the electrical motor itself
with and without RBR. The RBR power consumption is almost insignificant in this case.
It is also expected result because its size is very small.

5.1.2 Experimental result of RBR S2 when it is packed

When the RBR is packed with chemical particles and the same experiment is performed
in terms of position and velocity, there are somewhat different dynamics in the fluid. For
example, the measurement in the middle when the RBR is packed (in Figure 17) is not
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the same as Figure 13a, when the RBR was unpacked (when we had highly alternating
measurements at the high speed). In the case when the RBR is packed, it has a slow
start up and does not even react up until about 600 RPM while there was linear and
more stable development afterwards. This may be due to the liquid being slowed down
by particles and the flow through filters in the RBR probably refines the outflow and
possibly contributes to less strong turbulence production as compared to the unpacked
one. The individual measurements at the bottom follow closely next to each other, which
indicates that there will be no large random measurements, and the average of these will
also serve for better purposes. The torques (in Figure 18) have the same trend and
develop at the same rate. However, it can still be seen that the measurements of the
central part do not follow closely next to each other as compared to the bottom one. As
for power consumption (Figure 19), it is still a product of the angular velocity and torque
so it has no other choice but to follow the same development of torque. The unloaded
power is also linear here as it should be, however it is unclear whether the power loss is
included which i think may not be the case.

5.1.3 Combined individual results of the experiments for unpacked and
packed RBR S2

The choice of the method to repeat measurements (three measurements for each) is partly
to examine whether we get the same measurement at the next time or if the variation
occurs. But also to create an average value of several stick samples to create a strong
basis to draw a better conclusions.

In Figure 21, we see a spectrum of axial force data, where the lowest impact is experienced
when the RBR is packed and placed in the middle with about 70 N to the highest which is
about 1000 N, when the RBR is not packed and placed in the middle (but also everything
in between). The highest torques are clearly observed (in Figure 22) when it is unpacked,
and lowest when it is packed in both middle and bottom cases. This implies that it is
highest power consumption is when RBR placed in the middle and unpacked followed by
when it is packed and is in the middle. This can be observed power spectrum plots as
illustrated in Figure 26.

5.1.4 Experimental result for the RBR S14

In this part we go into the world of model 2, which is RBR S14. This RBR is relatively
large and the water tank is not long enough even though it weighed 87 kg and 60 cm high.
It also did not have this flexibility to be able to move in height as in the case of RBR
S2. Instead of the intense mix that we experience RBR S2, a large vortex is created that
rotates along the wall of the water tank. Another source of error in this measurement is
the bathroom scale, which was insensitive to the recordings of the axial force it receives
and sometimes it gave random data that is not so accurate. From earlier experience
(from RBR S2 measurements) we know that air creates problems when interred into the
vortex and gives alternating and random errors compared to when RBR is far enough
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down to the bottom as it does not come into contact with any air. In those cases we
had more stable measurements. Since we do not have that flexibility here, we have to
assume from previous experience that error factor will follow also even here (although
it is not measured). Since we do not have the flexibility to move vertically, we instead
move sideways. Then we get a better mix instead of a large vortex, but also get higher
power requirements and forces.

This can be seen by comparing Figure 27b, where we have the thrust rash twice as
large as in Figure 27a. At the same time it is also more alternating. There is also high
unloaded power and torque requirement (Figure 29). Since we have a three phase motor
that draws a lot of power (and in this case I have confirmed from technical support for
Nordcone that power losses and other losses are not included). When the RBR is loaded,
we have higher torque torque requirement at the edge than in the center (Figure 30).

5.1.5 Combined individual results of the experiments for RBR S14

In this subsection mean value of the individual is discussed, which is more clear and a
better data to analyse. Thus, my reflection on the thrust force shown in Figure 29, leads
to the fact that a large vortex that rotates is still more organized rotation (almost like
a rigid body). The flow pattern is not as chaotic and fluctuating eddies compared to
when the RBR are placed towards the edge of the container. That may say something
about having lower turbulent viscosity (which is not a property of liquid, but rather flow
dependent) when the RBR is place at the center since the flow acts more at laminar
or transitional flow. While the opposite can be said when RBR is pushed towards the
edge, because there is more turbulent flow and turbulent viscosity can be significantly
increased. In Figure 32 and Figure 33, we also see that the torque requirement and power
consumption is much lower in the center then at the edge (but with better mixing when
moved at the edge).

5.2 Simulation result discussion

In the simulation part, two pieces of the turbulence models were used. Namely k− ε and
SST k − ω models. For the RBR S2, only the k − ε model has been used. However, for
the RBR S14 both the k − ε and the SST k − ω model were used.

5.2.1 Simulation result for RBR S2

Figures 34 and 35, show the velocity profile captured from different points of view. They
look true and illustrate approximated reality in an acceptable way. However, one must
keep in mind that we solve the RANS-equation (equation 12) when we solve these prob-
lems, which means that we do not calculate the instantaneous and fluctuation velocities
(given in equation 6), but the average flow velocities instead (18 ). That could only
achieved by Direct Numerical Simulation (DNS). However the overall phenomena that
are expected to happen especially when the simulation takes place in the middle de-
scribes the approximated reality. In reality, it should not be as smooth and nice as it

59



Department of Applied Physics and Electronics
Umeå University October 14, 2021

looks here in these Figures. The torque is applied more on baffles of the RBR and to
the shafts and that could also bedded, as shown in Figure 36. The pressure distribution
in the water tank seems to describe reality as expected (the highest pressure is observed
around the water tank), where we probably have dynamic pressure on the water tank.
The standard k−ε model is a well-known and robust model that has been used for a long
time for the various industrial processes (developed in 1974 and has been around since).
Its weakness lies near the wall, where it over predicts the solutions and is therefore not
considered good at the wall (in the so-called viscous inner layer where we have viscous
sublaye, buffert layer and log layer). But very good in describing the bulk flow, far from
the Walls. When it comes to near wall analysis, people uses most of the time, the "Low
Reynolds k − ε model", with damping functions when it comes to near wall [21]. Thus
the strength of the SST k − ω model is that it combines the best of both Worlds (Low
Reynolds k − ε model and standard k − ε model).

5.2.2 Simulation result for RBR S14

In this part we uses both k − ε and SST k − ω models. It is generally considered that
SST k − ω Superior to the k − ε. SST k − ω is more accurate and modern (developed
in 2003). Most often in this simulation, k − ε gives a higher value than SST, which is
closer to the experimental results. Then it must be remembered that the geometry is
significantly simplified in the simulation (Figure 10) while it has not been simplified in
the experiments and it is natural that the experimental data gives higher value than the
simulation and that k − ε gives greater value because it is less accurate, so tempted to
think that k − ε gives better prediction here, but I do not think so. However the SST
k − ω can go all the way to the wall edge within the viscose sublayer and buffer layer
and more in the inner sublayer. This phenomenon can be seeing both Figures 41 and 42.
In Figure 41a, k− ε describes as if we had a uniform tangential velocity, while SST 41b,
shows that it is not so homogeneous instead having a velocity profile, where we have high
velocities a way from more central part and slightly lower near the wall. That agrees
better with the "no slip" condition (where we have zero speed at the wall and get higher
and higher the more we go towards the center, but since this rotational flow we have low
velocity even in the middle but high inbetween. In Figure 42, we literally can see that
clearly a high turbulent flow (as it should, since we have high Reynolds numbers there).
In the same Figure we see that we have 5 pieces of vortices while we see 9 in SST (and
in reality much more). The same thing we see in Figure 43, where we have the highest
pressure distribution, 1 · 105 Pa against 1.01 · 105 Pa. Or Figure 43, where we have
torque experienced 103 Nm vs 1.5 · 105 Nm. Therefore I could agree with the the result
given by SST and their by its solution is more correct.

5.3 Combined simulation and experimental result

In this part we tie the sack together, namely by combining the simulation and experi-
mental results as follows.
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5.3.1 Combined result for RBR S2

We have higher torques requirement for the experimental results than the simulated
results (Figure 47). It is expected to be higher because the geometry is not simplified in
the experimental case while it is in the simulation case. We do solve the RANS-equation,
not the Navier-Stokes equation. Despite that, it feels a little too large. The power
(48), becomes greater because it is dependent on the torque, so it does not have its own
inherent property in this case particular case to be greater, but it is only a consequence
of the torque. Thrust (in Figure 49), shows that the simulation data is larger, it feels
good that this is so because the experimental measurement is not so safe. According
to Figure 50, for both the experimental and simulated data we achieve fully developed
turbulent flow at about Re = 2.8 · 104.

5.3.2 Combined result for RBR S14

Figure 51 and 52, for RBR S14 shows that the experimental and simulated values are
close enough to each other. That is satisfying to see they correspond to each other pretty
well. However, the simplification of the geometry follows here (Figure 10) and with
the RANS-equation it does not matter that the experiments can show little bit larger.
To be sure, this experiment can be repeated using methods other than NordCone 2.8
software. This reads in several data values at one and the same point and thus they
can give unnecessary errors. Otherwise, it’s great to match up. However, the unloaded
power and power losses are not indicated (because it is not included in the simulation
as well). As for thrust (Figure 53), they have almost the same initial development while
the experiments make such a turn (for some reason unclear to me). the bathroom scale
that was also used in the experiment was very bad. It was insensitive and very shaky.
So the simulated data is much more superior here. We achieve fully developed turbulent
flow at a fairly early stage, when Re = 1.5 · 105.
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6 Conclusions

When the fluid flow reaches fully developed turbulent flow the power number becomes
constant even if there is an increase in speed. Thus when fully developed turbulent flow
is reached the desired parameters could be determined and evaluated at that point. Here
comes the results as follows.

For RBR S2 we have an output power number of 3.4, torque requirement of 0.03 Nm,
3 W and a thrust of 0.11 N . For simulation we have an output power number of 1.2,
torque requirement of 0.013 Nm, 2 W and thrust 0.8 N .

For RBR S14 we have a power number of 0.53, torque requirement of 0.41 Nm, power
consumption of 6 W and a thrust of 4.16 N . For simulation we have a power number of
0.34, torque requirement of 0,40 Nm, 4.14 W and thrust of 3.61 N .

Based on the achieved goal, we can evaluate whether the promised purpose has been
achieved with the projects. Namely to optimize the technology from an energy use point
of view. By determining the necessary parameters, it could be stated that the amount of
power required to achieve fully developed turbulent flow that makes the mixing maximum
is shown to be smaller (both experimentaly and by simulation). With the optimization
measures taken, it was possible to obtain the power needed is much lower than the engine
output (Which makes the current engine unnecessarily large). For example, for RBRS2
at Re = 2.8 · 105, the angular velocity is 830 RPM. At that stage a fully developed
turbulent flow has been achieved (so there is no need to increase the velocity further,
which consumes more current unnecessarily). At speed of 830 RPM, the power is thus
shown to be 4 W for RBRS2. For RBRS14, a fully developed turbulent flow is achieved
at Re = 1.5 · 105. The angular velocity at that reynolds number is about 83 RPM.
At that speed, the power is shown to be about 20 W. It is also worth noting that the
calculated effects are the power required to rotate the RBR. Thus the power required
to magnetize the motor and the power losses are not included. This is because they
cannot be included in Comsol. Using these measures, one can determine the exact power
required of the motor to spin the RBR. SpinChem, the manufacturers of RBRs, then can
provide their customers with those specifications which makes the technology easier to
use in industries for their purposes. When it comes to SpinChem, it is recommended to
switch to smaller motors for the current volumes.
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7 Future work

Power number is heavily dependent on geometry. It is particularly dependent on the
RBR diameter raised to 5. Therefore, it may be interesting to investigate by changing
the diameter but also RBR baffles. A suitable question to investigate may be How does
the energy consumption depend on the RBR design- and investigate whether it can be
improved without sacrificing the flow rate.

This study was done for constant volume in both the simulation and experimental case.
Therefore, it may be interesting to also investigate Examine the same scenario with
different volumes and see how it affects the power number, torque requirement, thrust
force and power consumption.
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Appendices

A Measurement series of the unpacked RBR S2

Table 1-3, are the collected measurements made in the middle of the tank when the RBR
S2 is not packed with any particle. This is done in order to investigate the behavior of
the parameters as a function of rotational velocity. Further more to take a mean value
of these individual measurements to reduce random errors.

Table 1: The first series measurements when the RBR is placed in the
middle of the water container.

RPM Mass [g] Thrust [g] Thrust [mN] Power [W] Torque [Nm]
0 0 0 0 0 0

100 1432 0 0 1.15 0.11
200 1431 1 9.82 1.59 0.08
300 1431 1 9.82 2.08 0.07
400 1430 2 19.64 2.61 0.06
500 1429 3 29.46 3.26 0.06
600 1428 4 39.28 4.07 0.06
700 1427 5 49.1 4.92 0.07
800 1426 6 58.92 5.85 0.07
900 1425 7 68.74 7.1 0.08
1000 1424 8 78.56 8.47 0.08
1100 1423 9 88.38 10.04 0.09
1200 1422 10 98.2 11.86 0.09
1300 1421 11 108.02 13.68 0.10
1400 1420 12 117.84 15.83 0.11
1500 1417 15 147.3 18.16 0.12
1600 1422 10 98.2 20.43 0.12
1700 1430 2 19.64 23.6 0.13
1800 1426 6 58.92 27.52 0.15
1900 1422 10 98.2 31.18 0.16
2000 1416 16 157.12 35.75 0.17
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Table 2: The second series measurements when the RBR is placed in the middle
of the water container.

RPM Mass [g] Thrust [g] Thrust [mN] Power [W] Torque [Nm]
0 1432 0 0 0 0

100 1432 0 0 1.14 0.11
200 1432 0 0 1.54 0.07
300 1431 1 9.82 1.99 0.06
400 1430 2 19.64 2.52 0.06
500 1430 2 19.64 3.15 0.06
600 1429 3 29.46 3.93 0.06
700 1428 4 39.28 4.82 0.07
800 1427 5 49.1 5.72 0.07
900 1426 6 58.92 6.84 0.07
1000 1426 6 58.92 8.04 0.08
1100 1424 8 78.56 9.76 0.08
1200 1421 11 108.02 11.57 0.09
1300 1420 12 117.84 13.6 0.10
1400 1418 14 137.48 15.7 0.11
1500 1418 14 137.48 18.1 0.12
1600 1420 12 117.84 21.1 0.13
1700 1418 14 137.48 23.53 0.13
1800 1418 14 137.48 26.82 0.14
1900 1419 13 127.66 30.18 0.15
2000 1410 22 216.04 35.23 0.17
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Table 3: The third series measurements when the RBR is placed in the middle
of the water container.

RPM Mass [g] Thrust [g] Thrust [mN] Power [W] Torque [Nm]
0 1432 0 0 0 0

100 1432 0 0 1.15 0.11
200 1432 0 0 1.53 0.07
300 1431 1 9.82 1.97 0.06
400 1431 1 9.82 2.48 0.06
500 1430 2 19.64 3.13 0.06
600 1429 3 29.46 3.78 0.06
700 1428 4 39.28 4.81 0.07
800 1427 5 49.1 5.69 0.07
900 1326 6 58.92 6.78 0.07
1000 1425 7 68.74 8.03 0.08
1100 1422 11 108.02 9.71 0.08
1200 1420 12 117.84 11.45 0.09
1300 1420 12 117.84 13.04 0.10
1400 1423 9 88.38 15.53 0.11
1500 1424 8 78.56 18.2 0.12
1600 1422 10 98.2 20.84 0.12
1700 1416 16 157.12 23.4 0.13
1800 1415 17 166.94 27.16 0.14
1900 1418 14 137.48 31.11 0.16
2000 1420 12 117.84 35.32 0.17
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Table 4: The first series measurements when the RBR is placed at the bottom of
the water container.

RPM Mass [g] Thrust [g] Thrust [mN] Power [W] Torque [Nm]
0 1432 0 0 0 0

100 1431 1 9.82 1.15 0.11
200 1430 2 19.64 1.47 0.07
300 1427 5 49.1 1.95 0.06
400 1425 7 68.74 2.51 0.06
500 1421 11 108.02 3.08 0.06
600 1417 15 147.3 3.82 0.06
700 1413 19 186.58 4.6 0.06
800 1408 24 235.68 5.51 0.07
900 1403 29 284.78 6.68 0.07
1000 1397 35 343.7 7.77 0.07
1100 1390 42 412.44 9.24 0.08
1200 1382 50 491 10.9 0.09
1300 1378 54 530.28 12.63 0.09
1400 1371 61 599.02 14.94 0.10
1500 1364 68 667.76 16.84 0.11
1600 1352 80 785.6 19.65 0.12
1700 1343 89 873.98 22.87 0.13
1800 1338 94 923.08 25.58 0.14
1900 1326 106 1040.92 28.81 0.14
2000 1322 110 1080.2 32.52 0.16
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Table 5: The second series measurements when the RBR is placed at the bottom of
the water container.

RPM Thrust [g] Thrust [g] Thrust [mN] Power [W] Troque [Nm]
0 1432 0 0 0 0

100 1431 1 9.82 1.12 0.11
200 1429 3 29.46 1.45 0.07
300 1427 5 49.1 1.94 0.06
400 1424 8 78.56 2.45 0.06
500 1421 11 108.02 3 0.06
600 1417 15 147.3 3.72 0.06
700 1413 19 186.58 4.51 0.06
800 1407 25 245.5 5.41 0.06
900 1402 30 294.6 6.5 0.07
1000 1397 35 343.7 7.61 0.07
1100 1390 42 412.44 9.27 0.08
1200 1384 48 471.36 10.75 0.09
1300 1377 55 540.1 15.5 0.11
1400 1373 59 579.38 14.74 0.10
1500 1366 66 648.12 17.1 0.11
1600 1355 77 756.14 19.65 0.12
1700 1346 86 844.52 22.6 0.13
1800 1335 96 942.72 25.17 0.13
1900 1327 105 1031.1 29.11 0.15
2000 1316 116 1139.12 32.08 0.15
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Table 6: The third series measurements when the RBR is placed at the bottom of
the water container.

RPM Thrust [g] Thrust [g] Thrust [mN] Power [W] Torque [Nm]
0 1432 0 0 0 0

100 1431 1 9.82 1.13 0.11
200 1430 2 19.64 1.51 0.07
300 1428 4 39.28 1.94 0.06
400 1425 7 68.74 2.46 0.06
500 1421 11 108.02 3.05 0.06
600 1418 14 137.48 3.9 0.06
700 1413 19 186.58 4.54 0.06
800 1408 24 235.68 5.42 0.06
900 1403 29 284.78 6.47 0.07
1000 1396 36 353.52 7.77 0.07
1100 1391 41 402.62 9.17 0.08
1200 1383 49 481.18 10.96 0.09
1300 1380 52 510.64 12.51 0.09
1400 1373 59 579.38 14.68 0.10
1500 1368 64 628.48 17.19 0.11
1600 1356 76 746.32 19.73 0.12
1700 1348 84 824.88 22.81 0.13
1800 1340 92 903.44 25.12 0.13
1900 1329 103 1011.46 29 0.15
2000 1324 108 1060.56 32.61 0.16

Table 7, below describes the experimental data, collected when the RBR S2 spins in the
air, that it when the RBR is unloaded. Thus these measurements are power consumption
as a function of angular velocity when the RBR is not packed with any particle.
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Table 7: Three repeatedly measurements of power consumption of the RBR.

RPM Power 1 [W] Power 2 [W] Power 3 [W]
0 0 0 0

100 1.15 1.15 1.15
200 1.54 1.5 1.5
300 1.93 1.86 1.93
400 2.36 2.31 2.3
500 2.82 2.77 2.72
600 3.33 2.25 3.2
700 3.85 3.73 3.67
800 4.33 4.21 4.2
900 4.86 4.71 4.8
1000 5.46 5.25 5.2
1100 6.1 5.9 5.9
1200 6.81 6.7 6.6
1300 7.34 7.02 7.1
1400 7.74 7.54 7.4
1500 8.35 8.16 8
1600 8.9 9.06 9
1700 9.3 9.6 9.5
1800 9.8 9.9 9.8
1900 10.6 10.3 10.4
2000 11.2 10.9 11
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B Measurement series of packed RBR S2

Table 8: The first packed series measurement of the RBR when it is
placed in the middle of the container.

RPM Mass [g] Thrust [mN] Power [W] Torque [Nm]
0 1432 0 0.8 0.00

100 1432 0 1.2 0.11
200 1432 0 1.57 0.07
300 1432 0 2.06 0.07
400 1432 0 2.64 0.06
500 1432 0 3.17 0.06
600 1432 0 3.88 0.06
700 1432 0 4.56 0.06
800 1431 8.82 5.43 0.06
900 1431 8.82 6.25 0.07
1000 1430 17.64 7.18 0.07
1100 1430 17.64 8.23 0.07
1200 1428 35.28 9.24 0.07
1300 1428 35,28 10,71 0.08
1400 1426 52.92 11.93 0.08
1500 1426 52.92 13.74 0.09
1600 1425 61.74 15.33 0.09
1700 1423 79.38 17.42 0.10
1800 1422 88.2 19.02 0.10
1900 1420 105.84 21.07 0.11
2000 1418 123.48 22.94 0.11
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Table 9: The second packed series measurement of the RBR when
it is placed in the middle of the container.

RPM Mass [g] Thrust[mN] Power [W] Torque [Nm]
0 1432 0 0.82 0.00

100 1432 0 1.15 0.11
200 1432 0 1.53 0.07
300 1432 0 1.95 0.06
400 1432 0 2.47 0.06
500 1432 0 3.02 0.06
600 1432 0 3.71 0.06
700 1431 8.82 4.41 0.06
800 1431 8.82 5.12 0.06
900 1431 8.82 6.16 0.07
1000 1430 17.64 6.97 0.07
1100 1429 26.46 8.14 0.07
1200 1428 35.28 9.3 0.07
1300 1427 44.1 10.22 0.08
1400 1426 52.92 11.58 0.08
1500 1425 61.74 13.38 0.09
1600 1424 70.56 15.03 0.09
1700 1423 79.38 16.61 0.09
1800 1422 88.2 18.48 0.10
1900 1420 105.84 20.81 0.10
2000 1418 123.48 23.02 0.11

ix
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Table 10: The third packed series measurement of the RBR when
it is placed in the middle of the container.

RPM Mass [g] Thrust[mN] Power [W] Torque [Nm]
0 1432 0 0.8 0

100 1432 0 1.14 0.11
200 1432 0 1.51 0.07
300 1432 0 2.05 0.07
400 1432 0 4.45 0.11
500 1432 0 3.04 0.06
600 1432 0 3.65 0.06
700 1431 8.82 4.28 0.06
800 1431 8.82 4.95 0.06
900 1430 17.64 5.77 0.06
1000 1430 17.64 6.71 0.06
1100 1429 26.46 7.85 0.07
1200 1428 35.28 9.09 0.07
1300 1427 44.1 10.1 0.07
1400 1426 52.92 11.72 0.08
1500 1425 61.74 13.13 0.08
1600 1424 70.56 15.09 0.09
1700 1423 79.38 16.73 0.09
1800 1421 97.02 18.56 0.10
1900 1420 105.84 20.23 0.10
2000 1417 132.3 23.19 0.11
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Table 11: The first packed series measurements of the RBR when it
is placed at the bottom of the water container.

RPM Mass [g] Thrust [mN] Power [W] Torque [Nm]
0 1439 0 0.8 0

100 1439 0 1.15 0.11
200 1439 0 1.54 0.07
300 1438 8.82 2.03 0.06
400 1438 8.82 2.46 0.06
500 1438 8.82 3.03 0.06
600 1437 17.64 3.74 0.06
700 1436 26.46 4.32 0.06
800 1436 26.46 5.07 0.06
900 1434 44.1 6.03 0.06
1000 1433 52.92 6.94 0.07
1100 1431 70.56 7.87 0.07
1200 1430 79.38 9.04 0.07
1300 1427 105.84 10.26 0.08
1400 1425 123.48 11.72 0.08
1500 1422 149.94 13.022 0.08
1600 1420 167.58 15.07 0.09
1700 1418 185.22 16.75 0.09
1800 1414 220.5 18.49 0.10
1900 1411 246.96 20.9 0.11
2000 1408 273.42 23.31 0.11
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Table 12: The second packed series measurements of the RBR when
it is placed at the bottom of the water container.

RPM Mass[g] Thrust [mN] Power [W] Torque [Nm]
0 1439 0 0 0.00

100 1439 0 1.13 0.11
200 1439 0 1.5 0.07
300 1438 8.82 1.94 0.06
400 1438 8.82 2.42 0.06
500 1437 17.64 3.05 0.06
600 1437 17.64 3.67 0.06
700 1436 26.46 4.29 0.06
800 1435 35.28 5.05 0.06
900 1434 44.1 5.69 0.06
1000 1432 61.74 6.62 0.06
1100 1431 70.56 7.85 0.07
1200 1429 88.2 8.95 0.07
1300 1427 105.84 10.19 0.07
1400 1425 123.48 11.4 0.08
1500 1422 149.94 13.17 0.08
1600 1420 167.58 14.84 0.09
1700 1416 202.86 16.61 0.09
1800 1414 220.5 18.37 0.10
1900 1410 255.78 20.54 0.10
2000 1408 273.42 22.52 0.11

xii
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Table 13: The third packed series measurements of the RBR when
it is placed at the bottom of the water container.

RPM Mass [g] Thrust [N] Power [W] Torque [Nm]
0 1439 0 0 0

100 1439 0 1.13 0.11
200 1439 0 1.53 0.07
300 1438 8.82 1.9 0.06
400 1438 8.82 2.38 0.06
500 1437 17.64 2.94 0.06
600 1436 26.46 3.61 0.06
700 1436 26.46 4.21 0.06
800 1435 35.28 5 0.06
900 1433 52.92 5.8 0.06
1000 1432 61.74 6.61 0.06
1100 1430 79.38 7.67 0.07
1200 1429 88.2 8.84 0.07
1300 1427 105.84 9.94 0.07
1400 1424 132.3 11.52 0.08
1500 1422 149.94 12.75 0.08
1600 1419 176.4 14.7 0.09
1700 1416 202.86 15.9 0.09
1800 1414 220.5 18.35 0.10
1900 1410 255.78 20.49 0.10
2000 1406 291.06 23.05 0.11

xiii
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Table 14: Three repeated measurements of the packed
RBR when it spins in the air (thus unloaded and packed).

RPM Power1 [W] Power2 [W] Power3 [W]
0 0,8 0 0

100 1.15 1.13 1.13
200 1.5 1.47 1.46
300 1.99 1.82 1.87
400 2.45 2.32 2.29
500 2.87 2.77 2.81
600 3.47 3.27 3.27
700 3.84 3.78 3.72
800 4.36 4.29 4.17
900 4.9 4.87 4.87
1000 5.63 5.41 5.35
1100 6.18 6.01 5.86
1200 6.66 6.43 6.46
1300 7.4 7.11 7.17
1400 8.15 7.87 7.86
1500 8.6 8.46 8.28
1600 9.21 8.8 8.84
1700 9.87 9.47 9.44
1800 10.72 10.33 10.22
1900 11.21 11.03 10.75
2000 11.76 11.48 11.47
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Table 15: Three repeated measurements of the power
consumed to spin the electrical motor without RBR
connecting to the shaft.

RPM Power1 [W] Power2 [W] Power3 [W]
0 0.81 0.81 1.21

100 1.15 1.11 1.11
200 1.47 1.45 1.48
300 1.91 1.84 1.85
400 2.29 2.25 2.32
500 2.77 2.76 2.71
600 3.22 3.31 3.24
700 3.75 3.7 3.65
800 4.26 4.12 4.09
900 4.65 4.62 4.65
1000 5.31 5.23 5.04
1100 5.85 5.7 5.71
1200 6.29 6.33 6.14
1300 6.26 6.87 6.91
1400 7.07 7.42 7.47
1500 7.84 7.93 8.07
1600 8.48 8.42 8.53
1700 9.01 9.12 9.11
1800 6.67 9.75 9.62
1900 10.43 10.37 10.24
2000 11.12 11.11 10.86
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C Measurement series of the thrust force when RBR S14 is
placed asymmetrically

Table 16 - 19, shows the collected data for RBR S14. This was done when when the
RBR is placed asymmetrically.

Table 16: The first series measurements of the thrust force
when the RBR is place asymmetrically towards the edge.

Thrust [kg] Thrust [g] Thrust [N] RPM f [Hz]
87.2 0 0 0 0
86.9 0.3 2.9 48.96 7.2
86.7 0.5 4.9 100.64 14.8
86.4 0.8 7.9 127.84 18.8
86.7 0.5 4.9 156.4 23
89.2 -2.0 -19.8 186.32 27.4
91.1 -3.9 -38.3 214.88 31.6
92.2 -5.0 -49.1 239.36 35.2
92.7 -5.5 -54.1 252.28 37.1

Table 17: The second series measurements of the thrust force
when the RBR is place asymmetrically towards the edge.

Thrust [kg] Thrust [g] thrust [N] RPM f [Hz]
87.5 0 0 0 0
87.5 0 0 48.28 7.1
87.5 0 0 75.48 11.1
87.2 0.3 2.946 102.68 15.1
86.7 0.8 7.856 127.16 18.7
86,9 0.6 5.892 156.4 23
87.5 0 0 188.36 27.7
91.3 -3.8 -37.316 216.24 31.8
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Table 18: The third series measurements of the thrust when
the RBR is placed asymmetrically.

Thrust [kg] Thrust [g] Thrust [N] RPM f [Hz]
87.8 0 0 0 0
87.5 0.3 2.95 48.28 7.1
87.5 0.3 2.95 75.48 11.1
87.5 0.3 2.95 102.68 15.1
86.9 0.9 8.84 129.2 19
86.4 1.4 13.75 156.4 23
88.9 -1.1 -10.80 184.28 27.1
91.6 -3,8 -37.32 213.52 31.4
92.1 -4,3 -42,23 242,08 35,6

D Measurement series of the thrust force when the RBR
S14 is placed at the center

Table 19: The first series measurements of the thrust force
when the RBR is placed symmetrically in center of the water
container.

Thrust [kg] Thrust [g] Thrust [N] RPM f [Hz]
87.8 0 0 0 0
87.8 0 0 48.28 7.1
87.8 0 0 76.84 11.3
87.5 0,3 2.95 102.68 15.1
86.8 1 9.82 130.56 19.2
86.8 1 9.82 158.44 23.3
85.2 2.6 25.53 184.28 27.1
89 -1.2 -11.78 207.4 30.5

89.4 -1.6 -15.71 238 35
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Table 20: The second series measurements of the thrust force
when the RBR is placed symmetrically in center of the water
container.

Thrust [kg] Thrust [g] Thrust [N] RPM f [Hz]
86.8 0 0 0 0
86.8 0 0 46.24 6.8
86.6 0.2 1.96 102 15
85.8 1 9.82 131.24 19.3
84.9 1,9 18.66 156.4 23
85.2 1.6 15.712 184.28 27.1
88.9 -2,1 -20.62 207.4 30.5
89.7 -2.9 -28.48 240.04 35.3

Table 21: The third series measurements of the thrust force
when the RBR is placed symmetrically in center of the water
container.

Thrust [kg] Thrust [g] Thrust [N] RPM f [Hz]
86.6 0 0 0 0
86.6 0 0 52.36 7.7
86.6 0 0 76.84 11.3
86 0.6 5.89 103.36 15.2

85.3 1,3 12.76 129.88 19.1
84.2 2,4 23.57 159.12 23.4
87.2 -0.6 -5.892 191.76 28.2
86.9 -0.3 -2.946 210.12 30.9
90.7 -4.1 -40.262 246.16 36.2
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Table 22: The fourth series measurements of the thrust force
when the RBR is placed symmetrically in center of the water
container.

Thrust [kg] Thrust [g] Thrust [N] RPM f [Hz]
86.9 0 0 0 0
86.9 0 0 48.96 7.2
86.6 0.3 2,95 75.48 11.1
86.3 0.6 5.89 102 15
85.4 1.5 14.73 129.88 19.1
84.7 2,2 21.60 157.76 23.2
86.3 0,6 5.89 186.32 27.4
86.6 0,3 2.95 208.76 30.7
89.8 -2.9 -28.478 242.76 35.7
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