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Abstract
In the pursuit of optimizing material handling processes, gaining a thorough un-
derstanding of material behavior and its underlying properties is crucial. Among
these properties, the apparent viscosity holds a pivotal role in estimating the en-
ergy required for efficient transportation within a processing plant. This thesis
aims to assess the viability of using a laboratory rheometer to analyze the flow
behavior of sewage sludge in pipes. The utilization of Exilva, a microfibrillated
cellulose, as a model fluid for wastewater sludge, is suggested to facilitate a more
convenient and consistent exploration of flow properties.

This project further focuses on establishing a reliable and reproducible technique
for obtaining rheological data using a laboratory rheometer. Initially, experi-
ments were conducted on Newtonian fluids to develop and verify the method,
which was subsequently adjusted to accommodate non-Newtonian fluids. The
method involves determining the effective dimensions of vane geometries and
employing non-Newtonian correction factors to calculate shear rate and shear
stress across the vane-to-container gap. The resulting flow data were fitted nu-
merically to the Herschel-Bulkley non-Newtonian rheology model. Consistent
rheometer results were obtained for concentrations up to 2.44%, while higher
concentrations exhibited highly complex behavior.

To capture realistic flow behavior, a pipe testing rig was constructed to gather
data on Exilva suspensions in pipes. These data were then fitted numerically
to the Herschel-Bulkley model to estimate flow parameters. To assess the feasi-
bility of using a laboratory-scale rheometer for estimating fluid flow in pipes, a
comparison was made between the rheometer and pipe rig methods. For lower-
concentration materials, both rheometer apparent viscosity and pipe rig mea-
surements yielded similar outcomes when applying the Herschel-Bulkley model.
However, notable discrepancies arose when dealing with higher-concentration
materials, indicating challenges in accurately characterizing their rheological
properties.
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Sammendrag
I jakten på å optimalisere materialhåndteringsprosesser er det avgjørende å få
en grundig forståelse av materialers underliggende egenskaper. Blant disse egen-
skapene spiller viskositeten en sentral rolle i å estimere energien som kreves for
effektiv transport i et prosessanlegg. Denne oppgaven tar sikte på å vurdere
muligheten til å bruke et laboratoriereometer for å analysere strømningsatferden
til kloakkslam i rør. Bruken av Exilva, en mikrofibrillert cellulose, som et mod-
ellfluid for avløpsslam, foreslås for å muliggjøre en mer praktisk og konsistent
utforskning av strømningsegenskapene.

Dette prosjektet fokuserer på å etablere en pålitelig og reproduserbar metode
for innhenting av reologiske data ved bruk av et laboratoriereometer. Først
ble det utført eksperimenter på newtonske væsker for å utvikle og verifisere
metoden, som deretter ble justert for å imøtekomme ikke-newtonske væsker.
Metoden innebærer å bestemme de effektive dimensjonene til vane-geometrier
og bruke ikke-newtonske korreksjonsfaktorer for å beregne skjærhastighet og
skjærspenning over mellomrummet mellom vane-geometrien og beholderen. De
resulterende strømningsdata ble numerisk tilpasset til en Herschel-Bulkley ikke-
newtonsk reologimodell. Konsistente resultater fra reometeret ble oppnådd for
konsentrasjoner opp til 2,44%, mens høyere konsentrasjoner viste svært kompleks
oppførsel.

For å undersøke realistisk strømningsatferd, ble det konstruert en rør-rigg for
å samle data om strømning av Exilva i rør. Disse dataene ble deretter nu-
merisk tilpasset til Herschel-Bulkley-modellen for å estimere strømningsparam-
etere. For å vurdere muligheten til å bruke et laboratorieskala-reometer til å
estimere væskestrøm i rør, ble det foretatt en sammenligning mellom reometer-
og rørriggmetoden. For materialer med lavere konsentrasjon ga både reometer-
målinger og rørriggmålinger lignende resultater ved bruk av Herschel-Bulkley-
modellen. Imidlertid oppsto det bemerkelsesverdige avvik når det gjelder mate-
rialer med høyere konsentrasjon, noe som indikerer utfordringer med å nøyaktig
karakterisere deres reologiske egenskaper.
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1 LIST OF ABBREVIATIONS

1 List of abbreviations

Table 1.1: List of abbreviations for general parameters.

Symbol Explanation
Ramp test Controlled shear rate test
MFC Microfibrillated cellulose
ρ Density [kgm−3]
NRe Reynolds number [−]
NRe3 Revised Reynolds number [−]
K Flow consistency index [Pa sn]
n Flow behavior index [−]

DS Dry solids content [% = gDS
gsample

]

Table 1.2: List of abbreviations for flow in pipes.

Symbol Explanation
σ Shear stress [Nm−2 = Pa]
τ0 Shear stress at wall (pipe) [Nm−2 = Pa]
τy yield stress [Nm−2 = Pa]
η Shear viscosity [Pa s]
ηapparent Apparent viscosity [Pa s]
ν Average fluid flow velocity [ms−1]
µ Fluid viscosity [Pa s]
NRe Reynolds number [−]
NRe3 Revised Reynolds number [−]
Vann Average fluid flow velocity in annulus [ms−1]
Dshear Thickness of sheared zone (annulus) [m]
Dplug Diameter of plug [m]
rplug radius of plug [m]
R Radius of pipe [m]
D Diameter of pipe [m]
Q Volumetric flow rate in pipe [m3s−1]
Qplug volumetric flow rate in the plug [m3s−1]
Aplug cross-sectional area of the plug[m2]
uplug plug velocity [m/s]
Qann volumetric flow rate in the annulus [m3s−1]
Aann cross-sectional area of the annulus [m2]
∆pf Pressure loss due to friction [Pa]
L Length of pipe [m]
Ff Mechanical energy loss due to friction [Nm/kg]
τs Shear stress at pipe wall [Nm−2 = Pa]
f Fanning friction factor

1



1 LIST OF ABBREVIATIONS

Table 1.3: List of abbreviations for rheometer testing.

Symbol Explanation
τ Shear stress [Nm−2 = Pa]
σ Shear stress [Nm−2 = Pa]
σ1 Shear stress at inner cylinder [Nm−2 = Pa]
τ0 yield stress [Nm−2 = Pa]
η Shear viscosity [Pa s]
ηapparent Apparent viscosity [Pa s]
ηcorrected Corrected viscosity [Pa s]
γ̇ Shear rate [s−1]
R1 Inner cylinder radius [m]
R2 Outer cylinder radius [m]
Fσ Shear stress factor [m−3]
Fγ̇ Shear rate factor [−]
H Effective height [m]
y Non-wetted height [m]
h Immersed height [m]
Ω Angular velocity [s−1]
Γ Torque [Nm]
C Rheometer friction [Nms]
s Ratio between R2 and R1 [−]
CR Correction factor [−]
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2 INTRODUCTION

2 Introduction

2.1 Aim

The primary objective of this master’s thesis is to determine the feasibility of
utilizing a laboratory rheometer to characterize the flow of sewage sludge in pipes.
In addition, suspensions of microfibrillated cellulose (MFC) were employed as
model fluids for experimental analysis.

Extensive data analysis and literature review showed that inconsistencies were
found in the viscosity data of the preliminary work. Substantial effort was put
into establishing a reliable method to obtain satisfactory and consistent rheo-
logical data for Newtonian and non-Newtonian fluids. Correction factors were
computed to establish well-grounded experimental methods. These methods were
used in this thesis as well as it is useful for further research.

The research is focused on establishing a dependable and reproducible technique
for obtaining rheological data with a laboratory rheometer. Moreover, the critical
element is to develop a model fluid with similar rheological characteristics to
wastewater sludge to facilitate testing and comparison with a pipe testing rig.
At the end of this project, the value and usefulness of using laboratory rheometers
to characterize the flow of non-Newtonian shear-thinning fluids in pipes will be
established.

Originally, the primary objective of this study was to comprehensively charac-
terize and enhance the understanding of the flow behavior of sewage sludge.
However, due to the inherent instability of sewage sludge and the influence of
biogas production on its rheological properties, conducting direct testing using
sludge proved challenging. To overcome this obstacle, a model fluid was employed
and thoroughly evaluated to establish reliable experimental methodologies.

Subsequently, it was recognized that the initial scope of the research was overly
broad. Thus, the focus of the thesis was refined to concentrate solely on conduct-
ing experiments involving MFC suspensions. This adjustment was motivated by
previous findings that indicated remarkable similarities in flow behavior between
sewage sludge and suspensions of MFC. Consequently, MFC served as a suitable
surrogate for sludge, facilitating a more targeted investigation into flow charac-
teristics and associated phenomena.

2.2 Importance of rheology for process equipment design

At large industrial plants, materials may undergo multiple treatment steps,
leading to significant alterations in their rheological properties and subsequent
changes in flow behavior throughout processing. A comprehensive understanding
of the material behavior and underlying properties are essential in the process
of optimizing material handling processes. In particular, the apparent viscosity
plays a critical role in estimating the required energy for transport in processing

3



2.2 Importance of rheology 2 INTRODUCTION

plants. Moreover, rheology is a crucial and major factor when designing and
sizing equipment such as pipelines, pumps, and heat exchangers.
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3 PREVIOUS WORK AND IMPORTANCE FOR THIS THESIS

3 Previous work and importance for this thesis

As a preparation for this master’s thesis, a 15 ECTS points project was con-
ducted as a precursor. The project included in-detail theory about wastewater
sludge, Newtonian and non-Newtonian fluids, non-Newtonian rheology models,
and methods in which non-Newtonian fluids are characterized. The intent of
this section is to summarize the most important theory from the study project.
In addition, it offers a background for understanding this thesis itself, and the
structuring of the methodology. This summary also contains a brief presenta-
tion of the initial results and conclusions from the previous work, to support the
theory and the choice of microfibrillated cellulose suspensions as a model fluid
for wastewater sludge.

Wastewater sludge is a non-Newtonian fluid, meaning that the ratio between
shear stress and shear rate is not constant. As a result of this, the viscosity
changes with the shear rate. Wastewater sludge is shear thinning, meaning that
the viscosity decreases with increasing shear rates. The Herschel-Bulkley model
was found to give sufficient accuracy, while still being simple enough to compute
effectively.

From an extensive literature review, it was found that the apparent viscosity of
wastewater sludge increases with the increasing content of dry solids. The same
case is evident for yield stress. Increasing temperature decreases both apparent
viscosity and yield stress while increasing pH values leads to increased viscosity
and yield stress. Further, the effect of chemical oxygen demand and particle size
distribution was reviewed. Increasing chemical oxygen demand seemed to lead
to increasing apparent viscosity. A negative correlation between sludge viscosity
and the concentration of extracellular polymeric substances showed that large
flocs lead to lower apparent viscosity.

Earlier studies conducted on microfibrillated cellulose suspensions showed that
the material had similar rheological behavior as wastewater sludge. Rheometer
testing with a vane geometry was used to compare the two materials. Both
materials showed comparable shear thinning behavior, which was modelable by
the Herschel-Bulkley model. In addition, the microfibrillated cellulose showed a
positive relationship between concentration and viscosity, thus making it possible
to iterate through concentrations to find one that resulted in flow curves that
were easily compared to sludge.

A rotational rheometer equipped with different size vane geometries was used to
carry out the experimental work. The vane geometry has proven to be effective
when testing fluids where slippage may occur at the container well. This makes it
suitable for testing on thick fluids with high levels of particles, such as wastewater
sludge. The rheometer was rotated at given speeds while measuring the torque
needed to maintain the specified speed.

All findings relevant to this master’s thesis are summarized in the following list.

5



3 PREVIOUS WORK AND IMPORTANCE FOR THIS THESIS

• Wastewater sludge

– Non-Newtonian shear thinning

– Time-dependent shear thinning behavior (thixotropic)

– Can be modeled by the Herschel-Bulkley model

– Viscosity and yield stress increase with increased dry solids content

– Viscosity and yield stress decrease with increased temperature

– Viscosity and yield stress increase with increased pH

– Viscosity increase with increased COD

– Viscosity decrease with increased floc size

• Microfibrilated cellulose

– Non-Newtonian shear thinning

– Can be modeled by the Herschel-Bulkley model

– Viscosity increase with increased dry solids content

– Similar rheological behavior to wastewater sludge

Complications with the results were encountered, as the equipment yielded dis-
similar viscosities when equipped with different vane geometries. Consequently,
a large part of this Master’s thesis aims to investigate and correct data while
establishing a reliable method for benchtop scale rheometer testing with vane
geometries.

The previous work Rheological characterization of sludge from wastewater treat-
ment plants compared to microfibrillated cellulose suspensions, Pelle Jensen, De-
cember 2022 [1], is attached to the delivery of this master’s thesis.

The previous work summarized in this section played an important role as a
preliminary study of this thesis. The initial test results were used as a guideline
for finding correction factors of uttermost importance, as well as establishing a
reliable model fluid for further testing, both in lab-scale and pilot-scale facilities.

6



4 THEORY

4 Theory

4.1 Fluids

In general, there are two types of fluids, Newtonian and non-Newtonian. Newto-
nian fluids obey Newton’s law of constant viscosity, meaning that the viscosity is
independent of shear rate and that the material holds no yield stress. Conversely,
this is not the case for non-Newtonian fluids. When non-Newtonian fluids are
exposed to mechanical stress, the ratio between shear rate and shear stress is non-
constant, which results in non-constant viscosity [2], and thus the term apparent
viscosity is introduced [3]. Some non-Newtonian fluids exhibit yield stress. Some
diluted sludges may show Newtonian behavior, but thicker sludges that have
been dewatered at wastewater treatment plants, show non-Newtonian behavior
where the viscosity is dependent on the shear rate [4].

4.2 Wastewater sludge

Wastewater is generated from both domestic uses of water, commercial estab-
lishments, and industries. Because of this, the wastewater characteristics may
have large variations from place to place [5]. Wastewater sludge refers to the solid
material that is generated and separated from water during the treatment of
sewage liquids at wastewater treatment plants. The sludge is a mixture of var-
ious organics and inorganics, including microorganisms. [6]. Sludge is a complex
material, and the rheological properties of wastewater sludge have proven hard
to describe precisely [7].

The preliminary study of this thesis found, in accordance with theory, that
wastewater sludge is non-Newtonian and shear thinning [3] [8] [7]. Further, sludge
shows time-dependent shear thinning, thixotropic, behavior [9] [10] [11].

4.3 Model fluid

To investigate the suitability of a laboratory rheometer for predicting the flow be-
havior of sludge in pipes, a model fluid was employed. The methodology of both
the rotational rheometer and pip rig was verified by measuring the properties of
a model fluid with known and more constant rheological characteristics.

A microfibrillated cellulose (MFC) product was the chosen model fluid for this
thesis. The product is called Exilva and is manufactured and sold by Borregaard.
Exilva is a highly viscous fluid [12], and it exhibits non-Newtonian behavior with
a shear-thinning effect at higher shear rates [13]. Further, Exilva exhibits a yield
stress, requiring a given minimum force for it to start moving. Some MFC
suspensions also display time-dependent thixotropic behavior [14]. All these char-
acteristics are consistent with the behavior of sludge from wastewater treatment
plants. As for sludge, the concentration of MFC dispersions influences the yield
stress and viscosity of the fluids, with higher concentrations resulting in increased
yield stress and viscosity [14].

7



4.4 Characterizing fluids with rheometers 4 THEORY

Dynamic oscillatory measurements conducted on sludge have shown that the
viscoelastic behavior of digested sludge shares similarities with that of soft glassy
materials [15]. This includes pastes, emulsions, and slurries, which exhibit complex
flow properties under mechanical stress [16]. Similar viscoelastic behavior suggests
that soft glassy materials like Exilva can act as a model fluid for wastewater
sludge.

4.4 Characterizing fluids with rheometers

Rheometers are scientific instruments employed in laboratories for evaluating flow
curves of Newtonian and non-Newtonian fluids. Flow curves describe the corre-
lation between stress and strain in fluids [3]. The rheometer inspects the response
of fluid when exposed to an applied force, which is introduced by the rotation
of the rheometer. Rheometers are often used for analyzing non-Newtonian fluids
where basic viscometers are inadequate due to variable apparent viscosity.

Certain advanced rotational rheometers have the ability to operate under a con-
trolled shear rate, which entails a predefined rotational speed, or controlled shear
stress, which involves a predetermined torque. For these measurements, the pre-
established parameter is the independent variable, supplying the opposite param-
eter as dependent. The rotational speed, angular velocity, and torque are then
recalculated to shear rate and shear stress, respectively [17]. These parameters are
then translated to apparent viscosity as the ratio between shear stress and shear
rate [2]. In order to meet particular fluid-dependent criteria, rotational rheome-
ters can be equipped with different spindle geometries. This thesis mainly utilizes
a rotational rheometer from Brookfield, which is further described in detail in
section 5.1.

4.4.1 Rheometer geometries

Multiple geometries exist for use with given fluids. Popular geometries include
vane, bob-in-cup, cone-plate, plate-plate, and double concentric. The vane ge-
ometry as well as necessary calculations are explained in detail in section 4.5.

Common for all of the geometries, either a predefined torque or rotation speed is
used to measure and calculate the resulting shear rate and shear stress. Further
computation of the data leads to the apparent viscosity as the ratio of shear
stress to shear rate [18] [19].

The bob-in-cup geometry involves a cylindrical bob rotating inside a coaxial
cylindrical cup [19], with the material placed in the annulus between the bob
and the cup. The bob-in-cup geometry is usually found in two variations, the
pointed bob, and a concentric cylinder. The gap between the bob and the cup is
small, thus making it possible to calculate the shear rate distribution and further
calculation the apparent viscosity [18]. The concentric cylinder geometry is shown
in figure 4.1.
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The cone-plate and plate-plate geometries consist of either a rotating cone or
plate at the top and a stationary plate at the bottom. The sample is placed on
the lower plate before the top geometry is lowered down on the material. The
gap between the two geometries is low, usually less than 1000 µm, but dependent
on the thickness of the material [18]. The small gap initiates capillary forces which
keep the material in place while the top geometry is rotating [20]. The cone-plate
and plate-plate geometries are shown in figure 4.1.

Double concentric geometry is mainly used when the structure of the surface
varies from the structure of the bulk fluid [18]. The geometry significantly reduces
the wall-slip effect, making it a favorable option when conducting rheological
experiments on complex samples, such as sludge [21]. An example of the double
concentric geometry is shown in figure 4.1.

Figure 4.1: Popular geometries used with rotational rheometers with examples of a) vane, b)
concentric cylinder, c) cone-plate, d) plate-plate, e) double concentric [3].

4.5 Vane geometry and analysis

4.5.1 Vane geometry

The vane geometry for rheometers consists of an impeller attached to a shaft. The
impeller may be composed of multiple blades where two, three, four, or six blades
are the most popular [22]. The blade is submerged into a sample in a container,
and the shaft is slowly rotated by a motor in the rheometer to measure the
needed torque for a predefined rotating speed [23] [19]. Vane geometries are often
preferred with fluids that show slippage at the edge [24]. This effect is often seen
with thick fluids with a high concentration of particles [23]. The sample volume
needed to use the vane geometry is determined by the size of the vane and the
test container. An example of the vane geometry is shown in figure 4.1.

4.5.2 Vane geometry as an effective cylinder

Calculating shear rate and shear stress distributions across the gap between the
vane edge and container is the main challenge when using vane geometries [25].
In order to do this, geometric factors which translate the torque and angular ve-
locity from the rheometer to shear stress and shear rate, respectively, have to be
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determined. A common way of determining the shear stress factor is to assume
the vane to be a cylinder with an effective cylinder height and radius [26]. This
hypothesis is predicated on the supposition that the material becomes entrapped
within the region between the vane blades [27] [28]. The dimensions of the theo-
retical effective cylinder are assumed to be close to that of the vane, however, it
has to be determined for each specific vane [26].

Visualization of streamlines forming from a vane rotating in a liquid would give
indications of the expected effective dimensions. Figure 4.2 shows streamlines
around a vane that is rotating at an angular velocity of 0.5rad/s in glycerin with
a viscosity of 1.37Pas [25]. The fluid patterns exhibit polygonal shapes in close
proximity to the blade edges, followed by a swift transition towards a circular
form as they move further away from the vane edge. The progression from a
polygonal shape to a circular shape is dependent on the location of the outer
container, i.e. the gap size between the vane edge and container, but it shows
that a cylindrical geometry may be used as a feasible approximation for a vane [25].
The presence of polygonal-shaped streamlines suggests that the suitable effective
radius for an analogous cylinder should fall within the range of a circle inscribed
within the polygon’s sides and the radius of a circle inscribed within the vane’s
actual radius [29].

Figure 4.2: Streamlines around a vane rotating at an angular velocity of 0.5rad/s in glycerin
with a viscosity of 1.37Pa s. The picture is from Baravian, Lalante & Parker [25].

4.5.3 Determination of dimensions of an effective equivalent cylinder

A method of determining the effective dimensions of a vane is the method of
partial immersion [25]. The method involves submersion of a vane to different
depths, and then measuring the required torque at different predefined angular
velocities. This way, the required torque can be measured as a function of the
submersion depth of the vane [30]. Measurements are conducted on Newtonian
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fluids to have a consistent viscosity independent of angular velocity.

For a concentric cylinder, the shear stress factor, Fσ[m
−3], is the ratio of shear

stress at the inner cylinder, σ1[Pa], and torque, Γ[Nm]. When the diffusion of
vorticity is constant, the shear stress factor is constant for all materials. Constant
diffusion of vorticity entails that the shear stress distribution is known, as seen
in equation (4.1) [25].

σ =
σ1R

2
1

r2
(4.1)

Where σ is the shear stress [Pa] at a given distance from the inner cylinder, r[m],
and R1 is the inner cylinder radius [m]. The shear stress factor is independent
with respect to the sample and relies solely on the geometry. The shear stress
factor is calculated as shown in equation (4.2) [25].

Fσ =
1

2πR2
1h

(4.2)

Where h is the immersed length of the geometry [m].

The shear rate factor, Fγ̇ [−], is the ratio between the shear rate, γ̇ [1/s], and
angular velocity, Ω [1/s], at the inner cylinder, and it depend on the material.
For the shear rate factor, the independence of the shear rate holds only for
linear viscoelastic materials or Newtonian fluids [25]. For a concentric cylinder
geometry, the corresponding shear rate factor can be expressed as shown in
equation (4.3) [25].

Fγ̇ =
2R2

2

R2
2 −R2

1

(4.3)

Where R2 is the outer cylinder radius [m].

For Newtonian fluids, equation (4.2) and equation (4.3) can be combined in order
to express the viscosity, η [Pa s], as a function of the rheometer outputs, torque
and angular velocity, in addition to the dimensions of the geometry. Introducing
equations for shear stress, equation (4.4), shear rate, equation (4.5), and viscosity,
equation (4.6):

σ = FσΓ (4.4)

γ̇ = Fγ̇Ω (4.5)

η =
σ

γ̇
(4.6)
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By combining equation (4.4) and 4.5 with equation (4.6), and putting in expres-
sions for the shear stress and shear rate factors, the viscosity can be expressed
solely by dimensions of the setup in addition to the outputs from the rheometer
experiments, as seen in equation (4.7).

Γ

Ω
= η

4πR2
1R

2
2

R2
2 −R2

1

h (4.7)

For the purpose of determining the dimensions of the geometry, and separating
the effective height from the effective radius, the immersed height, h, is broken
up into two terms, as seen in equation (4.8).

h = H − y (4.8)

Where H is the effective height of the geometry [m], and y is the nonwetted
height [m]. In addition, a friction coefficient, C, can be introduced to represent
the internal equipment resistance, as well as the resistance to rotating in the
air without any sample [Nms] [25]. By introducing equation (4.8) and the fric-
tion coefficient, the viscosity, and effective dimensions are related, as shown in
equation (4.9).

Γ

Ω
− C = η

4πR2
1R

2
2

R2
2 −R2

1

(H − y) (4.9)

The determination of the effective height, H, involves experimentation with var-
ious Newtonian fluids at different nonwetted heights, y, while measuring the
required torque at predetermined angular velocities. In order to obtain the ef-
fective height, H, both sides of equation (4.9) are divided by the viscosity, and
the resulting values are plotted on the y-axis as a function of nonwetted height,
y, on the x-axis. Extrapolation to the x-axis allows for the determination of the
effective height, at which point the torque reading is equal to the friction coef-
ficient, C, indicating that the full vane is above the sample. It should be noted
that this methodology is only applicable to Newtonian fluids, as the viscosity
must be constant and known for all angular velocities.

An observed linear relationship for pairs of angular velocity and torque demon-
strates the correspondence between a vane geometry and a concentric cylinder.
The lack of dependence on the angular velocity shows a negligible contribution
of fluid circulation between the blades of the vane [25].

4.5.4 Vane geometry with non-Newtonian fluids

When the effective dimensions of a given vane have been determined, the vane
may be utilized when testing fluids with non-Newtonian behavior. The shear
rate factor and shear stress factors vary in the gap between the vane blades
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and container wall, and correction is necessary to include this alteration [28]. A
standard gap correction for the shear stress factor and shear rate factor takes
into account the averaged geometric size and can be seen in equation (4.10) and
(4.11), respectively [25].

Fσ =
R2

1 +R2
2

4πR2
1R

2
2h

(4.10)

Fγ̇ =
R2

1 +R2
2

R2
2 −R2

1

(4.11)

These factors can be utilized in conjunction with the measured angular velocity
and torque to compute the shear rate and shear stress, correspondingly. The
apparent viscosity can subsequently be determined for each pair by dividing the
shear stress by the shear rate.

An alternative approach to the correction step involves the utilization of shear
rate and shear stress factors for Newtonian fluids, as presented in equation (4.2)
and equation (4.3). Due to the varying shear rate and stress, a correction needs
to be applied to the viscosity. The resulting corrected viscosity is seen in equa-
tion (4.12) [25] [31].

ηcorrected =
ηapparent

1 + CR

(4.12)

Where ηcorrected is the corrected viscosity [Pa s], ηapparent is the apparent viscosity
from the measured angular velocity and torque [Pa s], and CR is a correction
factor [−]. The correction factor, CR, is approximated by the following power
series, showed in equation (4.13), (4.14), and (4.15) [25]:

CR =
s2 − 1

2s2
s′

ln(s)
[1 +

2

3
ln(s) +

1

3
s′ − 1

45
s′3 +

2

945
s′5 − 1

4725
s′7] (4.13)

s′ = −dln(ηapparent)

dln(σ1)
ln(s) (4.14)

s =
R2

R1

(4.15)

4.5.5 Normal forces and Weissenberg effect

If a cylindrical rod is rotated steadily in a container filled with a Newtonian
liquid, the surface near the rod is depressed due to the inertial forces created by
the rotation. However, in the case of a non-Newtonian liquid with measurable
normal stress, the free surface can exhibit a remarkable rise. This is due to the
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tension in the direction of flow, which generates an inward pressure that increases
as one approaches the axis of rotation. The pressure can be sufficiently high to
counteract the centrifugal force effects, resulting in the upward movement of the
liquid around the rod [32]. As a consequence, the liquid is drawn towards the rod
and rises up around it, instead of being thrown outwards.

A sample that is drawn towards the vane and rod, and rises up around it, may
induce alternations in the resistance on the vane, resulting in non-consistent
results which again leads to lower reproducibility. The Weissenberg effect can be
seen in figure 4.3, from an experiment conducted on Exilva.

Figure 4.3: Illustration of the Weissenberg effect. The picture is from an experiment con-
ducted on Exilva with a concentration of 3.60% with a V40/20 vane. It is clearly
seen that the material is drawn upwards around the vane shaft, resulting in an
alternated resistance to flow.

4.6 Fluid flow types

The type of fluid flow occurring in pipes is important when looking at fluid
dynamics. For fluids moving through closed systems, two distinct flow types
can be observed. Dependent on the conditions, the flow is either laminar or
turbulent [33].

Generally, laminar flow is a smooth flow at low velocities, where the fluid particles
slide by each other in order, without forming swirls. Turbulent flow is a disturbed
and uneven flow occurring at higher velocities. Reynolds number can be utilized
to estimate which flow type will occur at given conditions [33].

4.6.1 Reynolds number

The transition from laminar flow to turbulent flow is a function of not only flow
velocity but also the density and viscosity of the fluid, in addition to the diameter
of the pipe where the flow is occurring [34]. This relationship is combined into an
equation for the Reynolds number, as seen in equation (4.16).
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NRe =
Dνρ

µ
(4.16)

Where NRe is the Reynolds number [−], D is the diameter of the pipe [m], ν is
the average velocity of the fluid in the pipe [m/s], ρ is the density of the fluid
[kg/m3], and µ is the fluid viscosity [Pa s] [33]. Reynolds number is a quick and
easy way to estimate which type of flow is to be expected. For a straight circular
pipe, values of the Reynolds number below 2100 (NRe < 2100) result in laminar
flow, and values above 4000 (NRe > 4000) result in a turbulent flow. For values
between the two (2100 < NRe < 4000), the flow is in a transition region. Within
the transition region, the flow may either be laminar or turbulent, meaning it
won’t be predicted easily [33].

4.6.2 Laminar flow

Laminar flow, also called streamline or viscous flow, is a type of fluid flow in
which the fluid particles move in a smooth manner along the direction of flow [34].
The liquid flows in parallel layers that do not form any types of eddies or vortices,
and thus the liquid is not mixed. For flow in pipes, laminar flow generally occurs
when the liquid has a high viscosity and the flow velocity is low [33].

For laminar flow, the velocity of the liquid particles varies along the radius of
the pipe cross-section [34]. The particles at the pipe wall are at rest and have a
velocity of zero, while the particles in the center of the pipe have the highest
velocity. This leads to a parabolic relationship between the flow velocity and the
distance to the pipe wall [35]. A flow velocity profile for laminar flow can be seen
in figure 4.4.

Figure 4.4: Velocity profiles of ideal plug flow, laminar flow, and turbulent flow [36]. The
figure shows a pipe and the velocity profiles for each type of flow.

4.6.3 Turbulent flow

Turbulent flow is characterized by the irregular and chaotic movement of fluid
particles. In contrast to laminar flow, in turbulent flow eddies and vortices
are formed, causing fluctuations in flow velocity and pressure [33]. This causes
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particles to mix well. For flow in pipes, turbulent flow occurs when the liquid
has a low viscosity and the flow velocity is high [34].

The liquid velocity for turbulent flow varies along the radius of the pipe cross-
section [34]. The velocity profile of turbulent flow is generally characterized by a
flatter shape compared to the parabolic shape of the velocity profile in laminar
flow. For turbulent flow, the velocity of fluid particles varies greatly, resulting in
a highly irregular velocity distribution across the flow [37]. A flow velocity profile
for turbulent flow can be seen in figure 4.4.

4.6.4 Plug flow

Plug flow is an ideal type of flow in which the fluid particles moves with minimal
mixing and diffusion in the radial direction. The fluid particles move in a "plug"
shape with the same velocity throughout. A flow velocity profile for a plug flow
can be seen in figure 4.4.

Plug flow is found in combination with an annular flow. In the presence of yield
stress, the central region of a fluid undergoes solid-like displacement, behaving as
a plug [38]. The solid plug does not undergo shearing, and it is therefore treated
as a solid body that moves along in the center of the pipe [39]. The geometry of
plug flow can be seen in figure 4.5.

Figure 4.5: Geometry of plug flow. The figure is from Eshtiaghi, Markis & Slatter [39].

Given the center of the flow is now considered a solid plug, it is no longer being
treated as part of the fluid flow. New methods have to be used in order to predict
the flow behavior when only the outer annulus is considered to be flowing. A new
technique, specially developed for non-Newtonian viscoelastic fluids, includes
calculating the Reynolds number based on the flow velocity of the annulus and
the size of the plug. The suggested revised Reynolds number can be seen in
equation (4.17) [39].

NRe3 =
8ρV 2

ann

τy +K(8Vann/Dshear)n
(4.17)

Where Vann is the average flow velocity in the annulus [m/s], τy is the yield stress
[Pa], K is the flow consistency index [Pa sn], and Dshear is the thickness of the
sheared zone [m]. The diameter of the sheared zone is used as the characteristic

16



4 THEORY 4.7 Fluid flow parameters

distance, as this is the only zone that is sheared when considering a plug flow.
The diameter of the sheared zone can be calculated as shown in equation (4.18),
(4.19), and (4.20).

Dshear = D −Dplug (4.18)

Dplug = 2rplug (4.19)

rplug =
τy
τ0
R (4.20)

Where τ0 is the shear stress at the wall [Pa]. The diameter of the pipe, D, the
diameter of the plug, Dplug, and the radius of the plug, rplug, are visualized in
figure 4.5. The average flow velocity in the annulus, Vann, is calculated as shown
in equation (4.21), (4.22), (4.23), and (4.24) [39].

Vann =
Qann

Aann

=
Q−Qplug

π(R2 − r2plug)
(4.21)

Qann = uplugAplug (4.22)

Aplug = πr2plug (4.23)

uplug =
D

2K(1/n)τ0

n

n+ 1
[(τ0 − τy)

(n+1)/n] (4.24)

Where Qann is the volumetric flow rate in the annulus [m3/s], Aann is the area
cross-sectional area of the annulus [m2], uplug is the plug velocity [m/s], and n is
the flow index [−].

4.7 Fluid flow parameters

Fluid flow refers to the bulk motion of fluids, liquids, and gasses, as they tra-
verse pipes, channels, and other conduits. Many parameters, both intensive and
extensive, are to be considered when describing fluid flow systems. In fluid dy-
namics, extensive parameters are those that depend on the amount of fluid, while
intensive parameters are those that do not depend on the quantity. It is however
important to note that the nature of some extensive and intensive parameters
may depend on the specific context and situation.

In addition to the obvious parameters such as the flow rate, both mass flow and
volume flow, pipe size, and the dependent flow velocity, many fluid-dependent
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intensive parameters need to be thoroughly described in order to analyze a fluid-
flowing system.

4.7.1 Pressure difference and fluid movement

To induce motion in fluids, a driving force is necessary. The driving force may
be either internal, such as temperature difference or concentration gradients, or
external, such as pumps or gravity [33]. The rate of a transfer process is generally
the ratio between the driving force and the resistance to flow. This relationship
is shown in equation (4.25) [33].

Rate of transfer =
driving force
resistance

(4.25)

In fluid mechanics, the driving force is related to the pressure difference between
two points in a fluid-flowing system. When a pressure difference is present, the
fluid flows from the higher pressure zone to the lower pressure zone. The pressure
difference creates a force that drives the fluid flow, and the extent of this force is
proportional to the pressure difference. Usually, the pressure drop is induced by
a mechanical device, such as a pump, to increase the mechanical energy of the
fluid, which in return increase the velocity of the fluid flow [40].

4.7.2 Fluid friction and pressure loss

In a closed system, the movement of fluids is impeded by frictional forces, which
arise from the fluid’s resistance to flow, and result in a pressure loss [33]. The main
determinants of a fluid’s resistance to flow are fluid velocity and fluid viscosity.
The resistance to flow is proportional to both velocity and viscosity. In addition,
other factors such as pipe length, pipe roughness, and bends and valves, also
increase the frictional forces [40].

For Newtonian fluids in laminar flow, the pressure drop due to friction can be
described by the Hagen-Poiseuille equation, as seen in equation (4.26) [33].

∆pf = (p1 − p2)f =
32µν(L2 − L1)

D2
(4.26)

Where p1 is the pressure at point 1 [Pa], p2 is the pressure at point 2 [Pa],
µ is the apparent viscosity [Pa s], ν is the average velocity in the tube [m/s],
(L2 − L1) is the length of the tube from point 1 to point 2 [m], and D is the
diameter of the pipe [m]. The Hagen-Poiseuille equation is useful for determining
the viscosity of Newtonian fluids, by measuring the pressure drop and flow rate
for a pipe with known length and diameter. The total mechanical energy loss
due to friction can be calculated as shown in equation (4.27) [33].

Ff =
(p1 − p2)f

ρ
=

∆pf
ρ

(4.27)
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Where ρ is the density of the fluid [kg/m3]. Equation 4.27 only holds for fluids
with constant density.

4.7.3 Fanning friction factor

A common parameter used in fluid dynamics is the Fanning friction factor, f .
It is defined as the ratio between the drag force per wetted surface area, which
is equal to the shear stress at the pipe wall, and the local flow kinetic energy
times fluid density. The force is equal to the pressure loss due to friction times
the cross-sectional area of the pipe. Further, the area of the wetted area of the
pipe is equal to the cross-sectional area times the length. The Fanning friction
factor is calculated as shown in equation (4.28) [33].

f =
τs
1
2
νρ

=
(∆pfπR

2)/(2πR∆L)
1
2
ν2ρ

=
∆pfR

ν2ρ∆L
(4.28)

Where R is the radius of the pipe [m]. By introducing the pipe diameter, D,
instead of the radius, and rearranging the equation, the pressure loss is isolated,
as shown in equation (4.29).

∆pf = 4fρ
∆L

D

ν2

2
(4.29)

Combining equation (4.27) and 4.29 leads to the mechanical energy loss due to
friction as a function of the Fanning friction factor, fluid flow velocity, and pipe
dimensions, as seen in equation (4.30).

Ff =
∆pf
ρ

= 4f
∆L

D

ν2

2
(4.30)

Further, for laminar flow only, equation (4.26) and 4.29 can be combined to show
a relationship between the Fanning friction factor and Reynolds number. The
derivation of the relationship is shown in equation (4.31), (4.32), and (4.33).

∆pf =
32µν(L2 − L1)

D2
= 4fρ

∆L

D

ν2

2
(4.31)

16 = f
Dνρ

µ
= fNRe (4.32)

f =
16

NRe

(4.33)

This ratio holds strictly for laminar flow, which is when the Reynolds number is
below 2100 [33].
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For turbulent flow, the friction factor is dependent on the Reynolds number,
much like for laminar flow [33]. However, for turbulent flow, the Fanning friction
factor has to be determined empirically, rather than theoretically. If the friction
loss is already set from the available head of the liquid, together with the known
dimensions of a pipe, it is the fluid flow velocity that needs to be calculated.
The velocity appears in both the relationship for the Reynolds number, equa-
tion (4.16), and the relationship for the Fanning friction factor, equation (4.28).
This implies that the solution for the velocity only can be obtained through a
process of successive approximations through iterations and experimentation [33].

4.7.4 Shear rate in pipes

The shear rate in pipes generally refers to the rate at which layers of the fluid
move pass each other when the bulk fluid moves through a pipe. The shear rate
is caused by the friction between the pipe wall and the fluid [41]. This results in a
velocity gradient across the cross-sectional area of the pipe, as seen for laminar
flow, turbulent flow, and plug flow in figure 4.4. It is an important parameter
when looking at fluid behavior, as it is impacted by fluid viscosity and fluid
viscosity. In addition, it varies with the distance to the pipe wall [33].

4.7.5 Shear stress in pipes

Shear stress in pipes generally refers to the force per unit area that is exerted
on a fluid, while it flows through the pipe. The force is due to the frictional
forces between the moving fluid and the pipe wall. This force is tangential to the
direction of fluid flow and is responsible for the deformation of the fluid layers
within the flow. The extent of the shear stress is dependent on fluid viscosity,
fluid velocity, and also to some extent, the roughness of the pipe. The shear
stress is not constant, and it varies with the distance to the pipe wall [33].

4.8 Estimation of fluid flow parameters

Rheology models are employed to derive rheological parameters and characteris-
tics, including but not limited to shear stress, yield stress, thixotropy, viscosity,
and the critical point of transition between laminar and turbulent flow [39] [3] [8].
Multiple possible rheology models for non-Newtonian fluids, including Bingham,
Herschel-Bulkley, and Ostwald-De Waele, are presented in the precursor of this
thesis [1]. Prior empirical investigations indicate that the Herschel-Bulkley model
is the most pertinent approach for this study [1].

4.8.1 Herschel-Bulkley model

The Herschel-Bulkley model, which accounts for the effect of yield stress, is ex-
pressed mathematically in equation (4.34), and is considered appropriate when
the yield stress is too large to be ignored [3] [42]. This model is suitable for analyz-
ing the behavior of hydrolyzed sludge, digestate sludge, and a blend of the two
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within the higher range of dry solid content of 5-15% [43].

τ = τ0 +Kγ̇n (4.34)

Further, the Herschel-Bulkley model also works great in analyzing MFC suspen-
sions, since this material follows the behavior of sludge to a great extent, as
explained in section 4.3.
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5 Materials

5.1 Rheometer

In conducting rotational rheometer testing, a Brookfield R/S plus SST2000 Soft
Solid Tester rheometer was utilized, along with three different vanes. A V10/5
vane (with dimensions of length 10 mm and diameter 5 mm), a V40/20 vane
(with dimensions of length 40 mm and diameter 20 mm), and a V80/40 vane
(with dimensions of length 80 mm and diameter 40 mm) [44]. PVC pipes and lids
were used as containers for the material, with dimensions of 12 cm in height and
48 mm in diameter. Additional experiments were run with a larger container, a
glass beaker with dimensions of 14.5 cm in height and 100 mm in diameter. The
containers together with respective alias are shown in table 5.1. Control and data
recording were performed via Brookfield’s Rheo3000 software, operated from a
personal computer. To ensure accurate results, measurements were maintained
within the recommended torque range of 1.5-50mNm, as specified by Brookfield.

Complementary rheometer measurements were conducted with a Kinexus ultra+
Rheometer from NETZSCH-Gerätebau GmbH, using the rSpace software to con-
trol and record data. A cone-plate geometry (CP40/4, with a diameter of 40 mm
and a cone angle of 4° over a plate with a diameter of 40 mm) was employed as
the geometry for these measurements.

Table 5.1: Dimensions of containers used in experiments on determining effective radius and
effective height of vanes. The containers are referred to as small and large.

Container Alias Height [cm] diameter [cm]
PVC pipe Small container 12 4.8
Glass beaker, 1L Large container 14.5 10

5.2 Pipe rig

The pipe rig testing facility was housed within a thermally insulated container
measuring 40 feet in length. The configuration involved the utilization of two
pipes with diameters of 2.88 cm and 5.5 cm. One end of the pipes was connected
to a pump, while the other end extended over a bucket placed on a weighing
scale. The pipes were installed at a gradient of 3 degrees to facilitate easier
cleaning and drainage after conducting experiments.

Pressure and temperature sensors were strategically positioned in the test pipe to
gather data for analysis. At both ends of the pipe, pressure sensors were installed,
offering flexibility in their placement. The sensors could be adjusted to distances
of 0.8, 2.8, or 4.8 meters from each other, allowing for precise measurements
at specific locations. Furthermore, temperature sensors were placed outward
from each pressure sensor, precisely 10 cm away. This arrangement facilitated
the logging of temperature measurements, providing a comprehensive profile of
temperature distribution along the entire length of the pipe.
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To accommodate experiments involving fluids with different viscosities and flow
velocities, two distinct types of pumps were installed. A MONO centrifugal
pump was installed for less viscous materials, while a MONO eccentric screw
pump was employed for more viscous substances. However, for this project, only
the eccentric screw pump was used. The pumps were installed at ground level,
with the starting point of the pipes positioned 1.75 meters above the ground.
Consequently, the material being tested had to be pumped to an elevation of
1.75 meters before entering the section of the pipe containing the sensors.

Data captured by the two pressure sensors, two temperature sensors, and the
weighing scale were collected using a programmable logic controller (PLC) at a
frequency of two readings per second. The collected data was then exported to
a connected computer for further analysis and processing. An illustration of the
pipe rig setup can be seen in figure 5.1.

(a) Scale for measuring flow rate. (b) Pipes and setup. (c) Pump hopper.

Figure 5.1: Illustration of the pipe testing rig. The setup consisted of a pump hopper to fill
the material, multiple pipes of different diameters and lengths, and a scale to
record mass flow.

5.3 Model fluid - Exilva

Three batches of Exilva samples were obtained from Borregaard, each with differ-
ent concentrations of 2%, 2.43%, and 3.55%, respectively. Borregaard provided
these concentrations, and the dry solids contents were validated through an inde-
pendent method. The validation involved heating samples of each concentration
at 105℃ for a duration of one night and measuring the remaining dry solids.
The measured concentrations were found to be 1.86%, 2.44%, and 3.60%. The
industrial material with the lowest concentration had the maximum deviation
from the stated concentration, which is a reasonable observation, as it is the
most frequently produced industrial material, and such industrial processes may
induce variations. The measurements are documented in appendix C.

The densities of the Exivla samples were tested for use in subsequent calculations.
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It was discovered that all the densities were nearly equal to that of water, and
for all practical purposes, the densities were assumed to be the same as that
of water, i.e. 1 kg/L. The measurements are documented in appendix C. All
samples were kept at a stable room temperature of 21℃. Table 5.2 provides an
overview of all the samples.

Table 5.2: Samples and their amount of dry solids and density.

Sample DS % [g/g] Density [kg/L]
Exilva F 1.86 1.00
Exilva F 2.44 1.00
Exilva F 3.60 1.01

5.4 Other Newtonian fluids

The investigation involved conducting experiments on multiple Newtonian fluids
with consistent and measurable viscosity properties. A 99.9% glycerol solution
was selected due to the well-documented data available in the literature. Fur-
thermore, Eldorado dark syrup, known for its high viscosity as a Newtonian
fluid, was also tested. The syrup was further diluted to a weight percentage of
90%. The viscosities of these fluids are presented in table 5.3. While some vis-
cosity values were sourced from literature, measurements were performed using
the Kinexus ultra+ Rheometer for fluids without readily available data, and the
results are considered table values in this thesis.

Table 5.3: Newtonian fluids and measured viscosities.

Material Viscosity [Pa s]
Eldorado dark syryp 59.83
Eldorado dark syryp 90% 1.661
Glycerol 99.9% 1.216
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6 Method

6.1 Preparation of samples - Rheometer

Exilva exhibits a consistency that is analogous to toothpaste. The transfer of
samples from storage containers to test containers was accomplished by employ-
ing a metal spoon/spatula. To prevent the development of air pockets in the test
containers during sample transfer, gentle tapping of the test container on the
table was performed to encourage the settling of the sample. Tapping also facil-
itated an even distribution of the material in the container. The test containers
were filled with a volume of approximately 170-180 mL samples.

The rheometer used in the study was fitted with three clamps to hold the test
container securely in place. To ensure consistent and stable conditions, with the
vane positioned uniformly, two of the clamps were kept immobile throughout
the testing period. The third clamp was loosened and adjusted only for the
purpose of placing and removing test containers. After the placement of the
test container, the last clamp was secured, and the vane was immersed to the
required depth.

6.1.1 Angular velocity sweep

To establish a dependable range for the controlled angular velocity tests, an angu-
lar velocity sweep was performed on each sample. The process involved executing
a step-wise increase of torque from minimum to maximum, while simultaneously
recording the corresponding angular velocities. Following the angular velocity
sweep, the controlled angular velocity test was updated to encompass the min-
imum and maximum angular velocities that were deemed reliable. This was
implemented to ensure that both tests were executed within the reliable range
while avoiding exceeding the limits of the instrument, which would lead to an
unsuccessful test and loss of valuable data.

6.1.2 Internal equipment resistance

The internal equipment resistance, the friction coefficient, C, was measured by
running a program in air, without a sample. The program was run for all vanes
at many different angular velocities to check for velocity dependence. No torque
readings were obtained, meaning that the equipment had no internal resistance,
and the coefficient was assumed to be zero.

6.2 Effective dimensions - Newtonian fluids

The vanes were immersed in different submergence depths and rotated at varying
angular velocities. The experimental setup was employed to examine multiple
Newtonian fluids exhibiting distinct viscosities. Each angular velocity was held
constant for 60 seconds, for the torque readings to stabilize. Every experiment
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was started at the lowest angular velocity and raised step-wise for every minute.
An example of a test program can be seen in appendix A.

Table 6.1, table 6.2, and table 6.3 show the different depths and angular velocities
employed for each vane. Every angular velocity was employed for every non-
wetted height.

Table 6.1: Test materials, non-wetted heights, and angular velocities for the V80/40 vane.

Material Non-wetted height [cm] Angular velocities [s−1]
Glycerol 99.9% 3, 1, 0, -1, -3 5, 10, 15, 20
Syrup 100% 3, 1, 0, -1, -3 0.2, 0.4, 0.6, 0.8
Syryp 90% 6.5, 5, 3, 1, 0, -1 5, 10, 15, 20

Table 6.2: Test materials, non-wetted heights, and angular velocities for the V40/20 vane.

Material Non-wetted height [cm] Angular velocities [s−1]
Glycerol 99.9% 2, 1, 0, -1, -3 30, 40, 50, 60
Syrup 100% 3, 2, 1, 0, -1 2, 4, 6, 8
Syryp 90% 3, 2, 1, 0, -1 30, 40, 50, 60

Table 6.3: Test materials, non-wetted heights, and angular velocities for the V10/5 vane.

Material Non-wetted height [cm] Angular velocities [s−1]
Syrup 100% 0.6, 0.3, 0, -0.3 30, 40, 50, 60

6.2.1 Test of effective dimensions

In order to verify the applicability of equation (4.9) for viscosity estimation, and
the assess the usability of the estimated effective height and radius, experimental
investigations were conducted using a material with a known viscosity. A 90%
syrup solution was prepared by diluting a 100% syrup solution, and its viscosity
was determined using the Kinexus Ultra+ Rheometer. Subsequently, the effective
dimensions were determined, and the viscosity of the 90% syrup solution was
measured using the Brookfield rheometer, at different submersion heights.

6.3 Effective dimensions - non-Newtonian fluids

6.3.1 Controlled angular velocity

The experimental procedure involved conducting controlled angular velocity tests
referred to as Ramp tests in Rheo3000. These tests entailed systematically vary-
ing the angular velocity from low to high and then returning it to a low value,
each step being executed at a predetermined rate. The torque was measured
as the dependent variable, resulting in pairs of angular velocity and torque val-
ues. Considering the varying viscosities of the samples, certain samples were
subjected to a wider range of angular velocities. The angular velocity range was
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optimized within the constraints of the rheometer’s reliable torque range and
reliable angular velocity range. To ensure robustness, controlled angular velocity
tests were performed in triplets, and the average of the three runs was taken
as the final result. The detailed program for executing the controlled angular
velocity tests can be found in appendix A.

6.3.2 Determination of proper ramp length

The material exhibited a pronounced sensitivity to the incremental rate at which
the angular velocity was increased. In order to mitigate this effect and obtain
reliable data, a series of experiments were performed wherein the angular ve-
locity was increased at various rates. The ramp-up time, corresponding to the
duration of the velocity increment, was progressively extended until reaching a
point where no additional impact on the material’s response was observed upon
further elongation of the ramp-up time.

6.4 Commissioning of the pipe rig testing facility

The commissioning process of the pipe rig testing facility involved a series of
steps to ensure the proper functioning and accuracy of the equipment. However,
during the commissioning phase, several challenges were encountered, including
leakages in the connections between pipe sections, a pump that pumped in the
wrong direction, and incorrectly connected pressure and temperature sensors
in the electrical cabinet, leading to incorrect data readings on the PLC. These
issues required early identification and resolution to achieve reliable and accurate
experimental results.

To begin the commissioning process, the physical setup of the pipe rig was in-
spected to verify the correct installation in the thermally insulated container, the
pipes of varying diameters (2.88 cm and 5.5 cm), and the associated equipment.
Attention was given to ensuring proper alignment, secure connections, and ap-
propriate positioning of the pumps, pressure sensors, temperature sensors, and
the weighing scale.

Addressing the first issue, leakages in the connections between pipe sections, a
thorough examination of the joints and fittings was conducted. Each connection
was carefully inspected, and any loose connections were identified and tightened
as necessary. Special attention was paid to the sealing mechanism of the connec-
tions to prevent any potential leakages that could compromise the pressure and
or flow rate readings.

Another issue revolved around incorrectly connected pressure and temperature
sensors in the electrical cabinet, resulting in incorrect data readings on the PLC.
The electrical connections of the sensors were carefully reviewed, and any incor-
rect wiring or misalignment was rectified. The proper functioning of the sensors
was verified by detaching the sensors and applying pressure by hand to the
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pressure sensors and heating by hand to the temperature sensors until correct
measurements were achieved.

Another significant challenge encountered during the commissioning of the pipe
rig testing facility was the need for proper ventilation of the pipe system to
obtain consistent and reliable results. The presence of air pockets or trapped
gases within the pipes could potentially interfere with the flow dynamics and
disrupt the accuracy of the experimental measurements. Test runs showed that
proper ventilation had to be executed both upstream and downstream in order
to obtain reliable results.

Once the identified problems were resolved, the commissioning process continued
by initiating a series of test runs to ensure the overall functionality and reliability
of the pipe rig testing facility. These test runs involved operating the pumps and
monitoring the readings from the pressure sensors, temperature sensors, and
weighing scale.

In conclusion, the commissioning of the pipe rig testing facility was a compre-
hensive and precise process. Despite the challenges faced, including leakages in
pipe connections, a pump malfunction, and incorrectly connected sensors, each
issue was promptly identified and rectified. The successful commissioning en-
sured the reliability and accuracy of the experimental setup, allowing for precise
data collection and analysis in subsequent experiments and research activities.

6.5 Preparation of samples - Pipe rig

The material was stored in large blue barrels (120L) and smaller white buckets
(25L). Before the material was poured into the hopper of the pump, it was
gently mixed in order to combine water and material which had separated during
storage.

6.5.1 Pipe rig experiments

Experiments were carried out for all three concentrations of Exilva. Nine motor
speeds were used, varying from 10 to 50 Hz, corresponding to the minimum and
maximum allowable pump speed for the eccentric screw pump. A summary of
the experiments is shown in table 5.2. The centrifugal pump was not used for
any experiments in this thesis.

When the hopper of the pump was filled with material, the pump was initiated
at a predetermined velocity. In order to release any potentially trapped air
from the system, a valve was opened both upstream and downstream of the
pressure sensors to facilitate ventilation of the pipes. Subsequently, the pump
was allowed to operate for 20 seconds to establish a stable flow rate prior to
commencing measurements. Each flow rate was maintained for a duration of
1 minute, during which the pressure and temperature were recorded. After 1
minute had elapsed, the pump speed was adjusted to the next predetermined
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value, and a 20-second interval was observed to ensure the new flow rate reached
stability before conducting measurements at the new speed. The purpose of the
20-second wait time was to enable the flow rate to stabilize before data collection.

Both the 2.88 cm and 5.5 cm pipes were used for the 2.44% and 3.60% concen-
trations. Due to a lower amount of 1.86% material, only the smaller 2.88 cm
pipe was used for that concentration. Further, two different pipe lengths, 2.78
meters, and 4.79 meters, were used. A summary of the experiments can be seen
in table 6.4.

Table 6.4: Pipe sizes and pump speeds used for each concentration of Exilva.

Material D [cm] L [m] Pump speed [Hz]
Exilva 1.86% 2.88 2.78, 4.79 10, 15, 20, 25, 30, 35, 40, 45, 50
Exilva 2.44% 2.88, 5.5 2.78, 4.79 10, 15, 20, 25, 30, 35, 40, 45, 50
Exilva 3.60% 2.88, 5.5 2.78, 4.79 10, 15, 20, 25, 30, 35, 40, 45, 50
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7 Results - Rheometer

7.1 Vane effective dimensions - Newtonian fluid

In conjunction with known viscosity values, all angular velocity and torque pairs
were utilized to calculate (Γ/Ω − C)/η using equation (4.9). These calculated
values were plotted against the non-wetted height, y, to demonstrate the rela-
tionship between flow resistance and the non-wetted height. Linear regressions
were conducted, and extrapolations were made to (Γ/Ω − C)/η = 0, meaning
y=H, in order to determine the effective height of the vane. The effective radius
was subsequently obtained from equation (4.9).

The linear regression analysis solely considered values when the non-wetted
height was above zero, as the linear relationship does not extend beyond this
range. When the vane is fully submerged, the resistance continues to increase
with further submersion; however, this is attributable to resistance originating
from the vane shaft rather than the vane itself. The ensuing sections present
the results pertaining to the effective height and radius of three vane sizes with
varying dimensions.

7.1.1 V80/40

Figure 7.1 presents the results of the conducted linear regressions for the V80/40
vane. Panel a) illustrates the experimental data obtained from the small con-
tainer, while panel b) displays the experimental data from the large container.
The effective height and radius values, along with their corresponding computed
standard deviations, can be found in table 7.1.

Comparing the two containers, it is observed that the effective radius exhibits
close agreement, differing by only 0.04 cm, corresponding to a relative increase
of 2.2% in the effective height when transitioning from the small to the large
container. However, there is a more pronounced variation in the effective height,
with a discrepancy of 0.65 cm between the small and large containers. This
discrepancy corresponds to a relative increase of 7.1% in the effective height
when transitioning from the small to the large container.

Table 7.1: Effective radius and effective height of the V80/40 vane, computed for each con-
tainer separately.

Small container Large container
Effective radius, R1 [cm] 1.78 1.82
R1 std [cm] 0.05 0.07
Effective height, H [cm] 8.51 9.16
H std [cm] 0.01 0.01
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Figure 7.1: (Γ/Ω− C)/η as a function of non-wetted length, y, for both the small container
and the large container, for the V80/40 vane. This analysis aims to determine
the effective height and radius of the vane. Each point represents a pair of torque
and angular velocity measurements. The model represents equation (4.9).

7.1.2 V40/20

The outcome of the performed linear regressions for the V40/20 vane is demon-
strated in figure 7.2. Panel a) exhibits the experimental data derived from the
small container, whereas panel b) showcases the experimental data collected from
the large container. Details concerning the effective height and radius, alongside
their associated computed standard deviations, can be accessed in table 7.2.

In contrast to the V80/40 vane, the effective height of the V40/20 vane exhibits
greater consistency across the two containers. The variation in effective height
is merely 0.11 cm, resulting in a relative decrease of 2.7% in the effective height
when transitioning from the small to the large container. Conversely, the dis-
parity in effective radius is more significant, with a deviation of 0.09 cm. This
corresponds to a relative increase of 10.3% in the effective radius when transi-
tioning from the small to the large container.

Table 7.2: Effective radius and effective height of the V40/20 vane, computed for each con-
tainer separately.

Small container Large container
Effective radius, R1 [cm] 0.87 0.96
R1 std [cm] 0.10 0.13
Effective height, H [cm] 4.18 4.07
H std [cm] 0.05 0.05

7.1.3 V10/5

Figure 7.3 illustrates the results obtained from the conducted linear regressions
for the V10/5 vane. Panel a) presents the experimental data obtained from the
small container, while panel b) displays the experimental data collected from the
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Figure 7.2: (Γ/Ω− C)/η as a function of non-wetted length, y, for both the small container
and the large container, for the V40/20 vane. This analysis aims to determine
the effective height and radius of the vane. Each point represents a pair of torque
and angular velocity measurements. The model represents equation (4.9).

large container. Comprehensive information regarding the effective height and
radius, including their respective computed standard deviations, can be found
in table 7.3. Because of the small size of the vane, only very viscous fluids gave
consistent torque readings. This resulted in only the 100% syrup offering enough
resistance to flow, and thus the vane was only tested in one fluid.

In the case of the V80/40 and V40/20 vanes, the obtained results demonstrated
consistency and minimal deviations. However, contrasting these findings, the
results for the V10/5 vane exhibited significantly larger variations. As a conse-
quence, the standard deviation values surpassed the estimated effective height
and radius values. Undoubtedly, this data showcases inherent limitations with
respect to its reliability and accuracy. As the resistance was too low to yield
torque values within the reliable region, no further experiments were conducted
using the V10/5 vane.

Table 7.3: Effective radius and effective height of the V10/5 vane, computed for each con-
tainer separately.

Small container Large container
Effective radius, R1 [cm] 0.19 0.19
R1 std [cm] 0.30 0.31
Effective height, H [cm] 1.24 1.37
H std [cm] 2.47 2.81

7.2 Estimated viscosity of 90% syrup

Utilizing the previously derived effective height and radius values, the viscosity
of the 90% syrup solution was computed and compared against reference values.
This analysis was performed separately for each container, employing distinct
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Figure 7.3: (Γ/Ω− C)/η as a function of non-wetted length, y, for both the small container
and the large container, for the V40/20 vane. This analysis aims to determine
the effective height and radius of the vane. Each point represents a pair of torque
and angular velocity measurements. The model represents equation (4.9).

effective height and radius values specific to each container. It is worth noting
that viscosity estimations were exclusively carried out for the V80/40 and V40/20
vanes, considering the aforementioned difficulties and discrepancies encountered
with the V10/5 vane.

7.2.1 V80/40

Table 7.4 presents the estimated viscosity values for the 90% syrup solution
using the V80/40 vane at various submersion depths. To facilitate a comparison
of container size and submersion depth, these results are visually depicted in
figure 7.4.

Notably, the computed effective height and radius obtained from the small con-
tainer yield a much more consistent viscosity estimation, with results that closely
align with the reference values. Conversely, the large container consistently un-
derestimates the viscosity across all submersion depths. It is noteworthy that
both containers exhibit the lowest standard deviation at lower y-values, suggest-
ing further experimentation should have the vane fully submerged in the sample
(y=0).

7.2.2 V40/20

The estimated viscosity values for the 90% syrup solution utilizing the V40/20
vane at different submersion depths are provided in table 7.5. To enhance the
analysis of container size and submersion depth, these outcomes are graphically
represented in figure 7.5.

Similar to the V80/40 vane, the computed viscosity from the effective height and
radius obtained from the small container yields much more consistent results
when compared to the effective height and radius from the large container. In
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Table 7.4: Estimated viscosity of 90% syrup for the V80/40 vane using the calculated effective
dimensions for both containers separately.

y=0cm y=1cm y=3cm y=5cm y=6.5cm
Small container
Mean viscosity [Pa s] 1.62 1.64 1.65 1.62 1.62
std [Pa s] 0.04 0.04 0.06 0.09 0.17

Large container
Mean viscosity [Pa s] 1.28 1.28 1.28 1.21 1.09
std [Pa s] 0.03 0.04 0.05 0.06 0.08
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Figure 7.4: Estimated viscosity of 90% syrup using the previously calculated effective radius
and height for the V80/40 vane. Estimations using the effective dimensions from
both the small and large containers. The CP4/40 is the cone-plate geometry used
as the table value.

addition, the viscosity estimations utilizing the small container are much more
in conformity with reference values. As for the V80/40, the large container
has a systematic deviation which underestimated the viscosity. It is noteworthy
that both containers exhibit the lowest standard deviation at lower y-values,
suggesting further experimentation should have the vane fully submerged in the
sample (y=0).

7.3 Flow behavior of Exilva

Both the V80/40 and V40/20 vanes exhibit remarkable consistency across exper-
iments and demonstrate adherence to reference values. However, due to its large
size, the V80/40 vane may generate resistance and torque readings that exceed
the reliable range of the rheometer. Past experimental observations with Exilva,
a highly viscous fluid, revealed that the V80/40 vane is not suitable for such
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Table 7.5: Estimated viscosity of 90% syrup for the V40/20 vane using the calculated effective
dimensions for both containers separately.

y=0cm y=1cm y=2cm y=3cm
Small container
Mean viscosity [Pa s] 1.64 1.70 1.76 1.78
std [Pa s] 0.09 0.12 0.18 0.36

Large container
Mean viscosity [Pa s] 1.33 1.37 1.38 1.47
std [Pa s] 0.08 0.10 0.15 0.54
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Figure 7.5: Estimated viscosity of 90% syrup using the previously calculated effective radius
and height for the V40/20 vane. Estimations using the effective dimensions from
both the small and large containers. The CP4/40 is the cone-plate geometry used
as the table value.

fluids, particularly at concentrations exceeding 3%. Consequently, subsequent
experiments involving Exilva exclusively employed the V40/20 vane.

7.3.1 Submersion of the vane to improve reproducibility

The experimental setup initially aimed for a vane depth of 0 cm within the fluid
medium. Unfortunately, this approach resulted in significant noise and non-
reproducibility, mainly thought to be attributed to the Weissenberg effect. The
impact of this effect was particularly pronounced at higher concentrations and
viscosities, intensifying the non-reproducibility challenges encountered during the
experiments.

To address these issues, and to enhance the reproducibility of the experimental
setup, an alternative approach was adopted. Instead of maintaining a vane depth
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of 0 cm, the vane was submerged to a depth of y = -0.5 cm. This adjustment
effectively mitigated the disadvantageous effects associated with the Weissenberg
effect, resulting in improved reproducibility of the experimental outcomes.

By submerging the vane to a non-zero depth, the influence of the Weissenberg ef-
fect was significantly reduced, leading to less noise and enhanced reproducibility.
The submerged vane created a more controlled environment for studying fluid
behavior. It is important to acknowledge that submerging the vane to y = -0.5
cm introduced some additional resistance on the vane shaft. Nevertheless, this
resistance was assumed to be negligible in the overall context of the experimen-
tal system. The advantages of improved stability and reproducibility outweighed
any potential drawbacks of the additional resistance.

Following the decision to submerge the vane to a depth of y = -0.5 cm, the subse-
quent experimental investigations were conducted under this modified condition.
Therefore, all discussions, interpretations, and conclusions presented in the fol-
lowing sections of this study are based on the experimental results obtained with
the vane depth set at y = -0.5 cm.

7.3.2 ramp-up time dependency - slope

Curves were generated to examine the relationship between input angular veloc-
ity and output torque values for Exilva at three different concentrations: 1.86%,
2.44%, and 3.60%, for different ramp-up times. Each test was conducted by
varying the angular velocity from 0.1 s−1 to 50 s−1 over a specified time period.

To ensure reproducibility, multiple ramp-up times were tested to identify the
optimal slope that yielded consistent results. It should be noted that some noise
and unexpected behavior were observed.

In figure 7.6, the flow curves for Exilva with a concentration of 1.86% are pre-
sented. The straight lines represent the input angular velocity, while the curved
lines depict the corresponding output torque values. Overall, the results demon-
strate a clear non-linear correlation between the applied angular velocity and
the resulting torque, indicating the viscoelastic behavior of the system. Similar
flow curves were obtained for Exilva at concentrations of 2.44%, figure 7.7, and
3.60%, figure 7.8.

For the 1.86% concentration, a ramp-up time of 5000 seconds was determined
to be suitable for achieving a smooth transition from 0.1 s−1 to 50 s−1. This
duration allowed for the most reliable and reproducible results, minimizing any
undesirable inconsistencies in the torque measurements.

Figure 7.7 illustrates the relationship between angular velocity, torque, and time
for Exilva with a concentration of 2.44%. Similar to the 1.86% graph, the straight
lines represent the input angular velocity, while the curved lines correspond to
the output torque values. To ensure a seamless transition from 0.1 s−1 to 50 s−1,
a ramp-up time of 9000 seconds was determined to be optimal. This duration
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Figure 7.6: Flow curves that show the input angular velocity (straight lines) and the output
torque values (curved lines) as a function of time for Exilva with a concentration
of 1.86%. Every test was run from an angular velocity of 0.1 s−1 to 50 s−1, over
the specified time period. Multiple ramp-up times were tried to find the slope
which gave the most reproducible results. Some noise and unexpected behavior
are seen for the green and light blue curves which have sudden jumps in the
torque curves at angular velocity values of 3 10−1 s−1.

was selected to achieve reliable and reproducible results while minimizing any
unwanted noise in the torque measurements.

Figure 7.8 presents the changes among angular velocity, torque, and time for
Exilva with a concentration of 3.60%. The observed data exhibit pronounced
fluctuations and intricate dynamics during the ramp-up phase. Notably, a ramp-
up time of 28800 s demonstrated comparatively less erratic behavior. However,
drawing definitive conclusions regarding the optimal ramp-up time from this
graph remains inconclusive due to the complex nature of the observed variations.

7.3.3 ramp-up time dependency - Angular velocity

Additional flow curves were generated to investigate the non-Newtonian behavior
of Exilva at three different concentrations: 1.86%, 2.44%, and 3.60%, with dif-
ferent ramp-up times. The torque values were plotted against the corresponding
angular velocities to visualize the relationship between these variables.

Figure 7.9 illustrates the flow curves for Exilva with a concentration of 1.86%.
The plotted data clearly exhibit a non-linear, power-law relationship between
torque and angular velocity. This power-law curve shape is indicative of the
non-Newtonian behavior observed in the system.

Similarly, figure 7.10 shows the flow curves for Exilva at a concentration of
2.44%. The torque values exhibit a similar power-law trend, reaffirming the
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Figure 7.7: Flow curves that show the input angular velocity (straight lines) and the output
torque values (curved lines) as a function of time for Exilva with a concentration
of 2.44%. Every test was run from an angular velocity of 0.1 s−1 to 50 s−1, over
the specified time period. Multiple ramp-up times were tried to find the slope
which gave the most reproducible results. Some noise and unexpected behavior
are seen for the light blue curve which has a sudden jump in the torque curves
at time 6000 s.

non-Newtonian nature of the fluid. The shape and magnitude of the curve do
however vary compared to the 1.86% concentration, reflecting the influence of
the different concentration levels on the material’s rheological properties. The
curve reinforced the decision of 9000 s as the proper ramp-up time.

In figure 7.11, the flow curves for Exilva at a concentration of 3.60% are presented.
Once again, the torque-angular velocity relationship does seem to follow a power-
law curve, emphasizing the non-Newtonian characteristics of the fluid at this
concentration. Around an angular velocity of 20 s−1 the curve with a ramp-up
time of 57600 s does show a sharp drop in the torque measurements and then
continues on a similar power-law shape. The 10 000 and 28000 s curves have
a similar drop in torque, but they happen at an angular velocity of around 40
and 45 s−1. A ramp-up time of 28800 s was decided as suitable for the following
experiments.

The consistent power-law curve shapes observed across the different concentra-
tions of Exilva provide strong evidence of its non-Newtonian behavior. The
deviations from linearity and the presence of power-law behavior suggest that
the fluid’s viscosity is dependent on the applied shear rate, rather than being
constant like in Newtonian fluids.

For all ramp-up times, and all three concentrations, it is clear that an initial
structure is broken down, as the torque values show a steep decrease before it
shifts upwards into the shear-thinning power-law shape.
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Figure 7.8: Flow curves that show the input angular velocity (straight lines) and the output
torque values (curved lines) as a function of time for Exilva with a concentration
of 3.60%. Every test was run from an angular velocity of 0.1 s−1 to 50 s−1, over
the specified time period. Multiple ramp-up times were tried to find the slope
which gave the most reproducible results.

From the curves in section 7.3.2 and section 7.3.3, appropriate ramp-up times
were chosen for each concentration. For the 1.86% concentration, a ramp-up time
of 5000 seconds was deemed sufficient. For the 2.44% concentration, a ramp-up
time of 9000 seconds was found to be fitting. The 3.60% concentration shows
a highly complex behavior, but the ramp-up time was nevertheless set to 28800
seconds.

7.3.4 Shear rate dependency

Angular velocity and torque values were converted to shear rate and shear stress,
respectively, with correction factors calculated for non-Newtonian fluids, as pre-
sented in equation (4.11) and equation (4.10).

The flow curves were constructed by plotting shear stress as a function of shear
rate. Three separate parallels were considered, and their individual data points
were plotted. Additionally, an average curve was generated by combining the
data from the three parallels. The average is represented by a dashed black
line. To indicate the transition phases, black arrows were used to represent the
ramp-up and ramp-down periods. These arrows signify the direction in which
the shear rate was increased or decreased, respectively.

Figure 7.12, figure 7.13, figure 7.14, show the flow curves for Exilva with a
concentration of 1.86%, 2.44%, and 3.60%, respectively.

The curve for Exilva with a concentration of 1.86%, figure 7.12, shows the most
consistent and least varying results between parallels. The parallels cross each
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Figure 7.9: Flow curves showing torque as a function of angular velocity for Exilva with a
concentration of 1.86%, with different ramp-up times. The angular velocity was
increased stepwise from 0.1 s−1 to 50 s−1 during the specified time period for
each curve.

other multiple times, and even though the curves aren’t perfectly smooth, they
do present consistency.

Compared to the 1.86% concentration, the 2.44% concentration, figure 7.13, does
show a slightly more inconsistent result with larger deviations between parallels.
However, the trend and shape of the curves match each other, and it seems
reasonable to compute an averaged graph to counteract smaller variations.

Figure 7.14 shows the shear stress vs shear rate for Exilva with a concentration
of 3.60%. It is clear that there are large deviations between the parallels when
surpassing a shear rate of 25 s−1. Multiple possible reasons for the deviations
will be discussed. For shear rates between 0.1 and 25 s−1, the parallels follow
each other closely, and the decision was made to only use this shear rate range
when creating models and estimating Herschel-Bulkley parameters. This was
done to improve the robustness of the models, by basing it on multiple parallels.

Figure 7.15 shows the average flow curve for each concentration of Exilva. The
results indicate that increasing the concentration of Exilva leads to higher shear
stress at similar shear rates, suggesting a positive correlation between concentra-
tion and shear stress. Exilva also exhibits shear thinning behavior, as the rate
of increase in shear stress levels off at higher shear rates.

Shear thinning behavior is further seen in the viscosity plot in figure 7.16. The
viscosity decreases with increasing shear rates for all concentrations, and it is
clearly demonstrated that higher concentrations lead to higher viscosities. Addi-
tionally, the hysteresis loops are demonstrated by colored arrows, corresponding
to each concentration.
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Figure 7.10: Flow curves showing torque as a function of angular velocity for Exilva with a
concentration of 2.44%, with different ramp-up times. The angular velocity was
increased stepwise from 0.1 s−1 to 50 s−1 during the specified time period for
each curve.

7.4 Model fitting and yield point estimation

Experimental rheometer data was subjected to model fitting using a Python
program. The fitting methodology and the resulting parameter estimates are
presented in Table 7.6. The Herschel-Bulkley model was employed to determine
the flow parameters, including the flow consistency index, K, the flow index, n,
and the yield stress, τ0. Models were computed for the ramp-up and ramp-down
data separately. However, for the 3.60% concentration, only ramp-up data was
consistent enough to give a reliable model, and only shear rates varying from 0.1
s−1 to 25 s−1 were used for this concentration.

The parameters K, n, and τ0 should be regarded as interdependent data sets,
as variations in one parameter can be compensated by adjustments in the other
parameters. Consequently, it is not possible to compute standard deviations for
individual parameters due to their interconnected nature.

The applied models predict a zero yield stress for the Exilva sample with a con-
centration of 1.86%. Similarly, the ramp-down phase for the Exilva sample with
a concentration of 2.44% also exhibits zero yield stress. In contrast, the model
predicts the presence of yield stress for the Exilva sample with a concentration
of 3.60%.

Figure 7.17 presents the experimental data and the corresponding estimated
model for Exilva at a concentration of 1.86%. Notably, the computed model ex-
hibits a higher degree of smoothness, displaying minimal noise across the range
of shear rates. However, both the ramp-up and ramp-down models demonstrate
a tendency to underestimate the experimental data at extremely low shear rates
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Figure 7.11: Flow curves showing torque as a function of angular velocity for Exilva with a
concentration of 3.60%, with different ramp-up times. The angular velocity was
increased stepwise from 0.1 s−1 to 50 s−1 during the specified time period for
each curve.

when approaching the limit of zero shear rate. Conversely, for lower shear rates
above 2 s−1, the models tend to overestimate the shear stress until approximately
16 s−1, after which they transition to slight underestimation until approximately
40 s−1 for the ramp-down data and approximately 50 s−1 for the ramp-up data.
Beyond these points, the models once again surpass the experimental data, lead-
ing to an overestimation of shear stress until reaching the maximum shear rate.

Figure 7.18 illustrates the experimental data and the corresponding estimated
model for Exilva with a concentration of 2.44%. Similar to the previous con-
centration, the computed model exhibits a smoother trend with reduced noise
throughout the range of shear rates. The ramp-up model exhibits an underesti-
mation of the experimental data at low shear rates. From approximately 3 s−1

to 14 s−1, the model follows the experimental data, but beyond this range, it
demonstrates an overshooting tendency. The overshooting persists until around
30 s−1, where the model once again aligns with the experimental data. However,
at shear rates exceeding 55 s−1, the model surpasses the experimental data,
remaining consistently above it, until reaching the maximum shear rate.

Conversely, the ramp-down model approaches the same yield stress as observed
in the experimental data. It initially overestimates the shear stress until approx-
imately 13 s−1. Subsequently, it transitions to an undershoot, persisting until
approximately 48 s−1. Beyond this point, the model once again surpasses the
experimental data, remaining consistently above it.

Figure 7.19 illustrates the experimental data and the corresponding estimated
model for Exilva with a concentration of 3.60%. The model only includes ramp-
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Figure 7.12: Flow curve showing shear stress as a function of shear rate for three parallels
of Exilva with a concentration of 1.86%. In addition, an average curve was
generated from the three parallels, which is plotted as a dashed black line. The
shear rate was increased step-wise on a linear scale from 0.1s−1 to 65s−1. The
black arrows show the direction of the ramp-up and the ramp-down.

up data from angular velocities between 0.1 s−1 and 25 s−1, corresponding to a
shear rate of approximately 35 s−1. This means at higher shear rates, the model
is extrapolated and not based on experimental measurements, which weakens
the model above shear rates of 25 s−1. The model follows the experimental data
closely from a shear rate of 5 s−1 to 27 s−1. At elevated shear rates, the model
exhibits a tendency to overestimate the shear stress. At lower shear rates, the
model fails to capture the initial structural breakdown, resulting in the incorrect
prediction of the yield stress. However, it is important to note that the Herschel-
Bulkley model, as outlined in section 4.8.1, is not inherently designed to capture
the initial decrease in shear stress followed by a subsequent increase.
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Figure 7.13: Flow curve showing shear stress as a function of shear rate for three parallels
of Exilva with a concentration of 2.44%. In addition, an average curve was
generated from the three parallels, which is plotted as a dashed black line. The
shear rate was increased step-wise on a linear scale from 0.1s−1 to 65s−1. The
black arrows show the direction of the ramp-up and the ramp-down.

Figure 7.14: Flow curve showing shear stress as a function of shear rate for three parallels
of Exilva with a concentration of 3.60%. In addition, an average curve was
generated from the three parallels, which is plotted as a dashed black line. The
shear rate was increased step-wise on a linear scale from 0.1s−1 to 65s−1. The
black arrows show the direction of the ramp-up and the ramp-down.
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Figure 7.15: Flow curve showing shear stress as a function of shear rate for three Exilva
samples of different concentrations. The shear rate was increased step-wise on
a linear scale from 0.1s−1 to 65s−1. Colored arrows show the ramp-up and
ramp-down for each concentration, corresponding to the colors presented in the
legend.

Figure 7.16: Viscosity plot showing viscosity as a function of shear rate on a log-log plot for
three Exilva samples of different concentrations. The shear rate was increased
step-wise on a logarithmic scale from 0.1s−1 to 65s−1. Colored arrows show the
ramp-up and ramp-down for each concentration, corresponding to the colors
presented in the legend. Note the logarithmic scale on both the x- and y-axis.
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Table 7.6: Model fitting with parameters generated by a Python optimization program. The
program tests different methods based on the root mean square error. The best-
fitting model with the lowest chi-square value is used to determine the parameters.
The table summarizes which method was used, which model was used to fit the
data and the parameter values found by that specific model. τ0 is the yield stress
[Pa], K is the flow consistency index [Pa · sn], and n is the flow index [−]. Up and
down refers to the ramp-up and ramp-up data that the calculations are based on.
As previously presented, for the 3.60%, only the ramp-up data with shear rates
from 0.1-25 is used.

Material Method Model τ0[Pa] K[Pasn] n
Exilva 1.86% up Dual annealing Herschel-Bulkley 0.0 41.58 0.21
Exilva 1.86% down Dual annealing Herschel-Bulkley 0.0 32.85 0.27
Exilva 2.44% up Dual annealing Herschel-Bulkley 43.09 18.55 0.38
Exilva 2.44% down Dual annealing Herschel-Bulkley 0.0 41.51 0.28
Exilva 3.60% up Dual annealing Herschel-Bulkley 108.13 18.40 0.58
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Figure 7.17: Flow curve of Exilva with a concentration of 1.86% with the addition of model
fitting curves generated by parameter estimation with the Herschel-Bulkley
model. The methods and parameters for each curve are summarized in ta-
ble 7.6.
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Figure 7.18: Flow curve of Exilva with a concentration of 2.44% with the addition of model
fitting curves generated by parameter estimation with the Herschel-Bulkley
model. The methods and parameters for each curve are summarized in ta-
ble 7.6.
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Figure 7.19: Flow curve of Exilva with a concentration of 3.60% with the addition of model
fitting curves generated by parameter estimation with the Herschel-Bulkley
model. Only ramp-up data from angular velocities varying from 0.1 s−1 to
25 s−1 were used for this concentration. The methods and parameters for each
curve are summarized in table 7.6.
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8 Results - Pipe rig
The subsequent section presents precise data solely from the experiment con-
ducted on Exilva with a concentration of 3.60%, utilizing a 2.88 cm diameter
pipe with a length of 4.79 meters. This particular experiment was selected due
to its exemplification of the most extreme scenario, resulting in the highest and
most visible pressure difference. Model fitting and parameter estimation include
all experiments with varying concentrations, pipe lengths, and pipe diameters.

8.1 Flow rate and flow velocity

During each experimental configuration, the mass and pressure differences were
documented throughout the flow duration. The mass values were subjected to
analysis to ascertain the flow rate. Figure 8.1 illustrates the recorded mass for
each pump speed against time. The slope of the plotted curves corresponds to
the mass flow rate expressed in kilograms per second.
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Figure 8.1: Recorded mass over time for each pump speed. The plot shows data from the
experiments involving a 3.60% Exilva material, in the 2.88 cm diameter pipe with
a length of 4.79 meters.

The flow rates obtained from the experimental data illustrated in figure 8.1 were
subjected to further analysis to convert them into flow velocities, which were then
plotted against the corresponding pump speeds. Additionally, the measurements
recorded during the experiment were utilized to calculate the standard deviation
within each specific pump speed setting.

Figure 8.2 visually represents the relationship between the flow velocity and
the pump speed, showcasing the inherent variability in the measurements. To
provide a comprehensive evaluation of the data, error bars corresponding to the
standard deviation were incorporated into the plot.
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Figure 8.2: Illustration of the relationship between the calculated flow velocity and the pump
speed (expressed in Hz) for the specific experiment conducted on Exilva with a
concentration of 3.60%, utilizing a pipe with a diameter of 2.88 cm and a length
of 4.79 meters. The data points represent the flow velocities obtained at various
pump speeds during the experiment, including error bars based on the standard
deviation.

8.2 Pressure drop

Pressure measurements are susceptible to noise and fluctuations during the course
of the experiment. Figure 8.3 visually depicts the evolution of the pressure dif-
ference observed between the two sensors for various pump speeds. It is evident
that increasing the pump speed leads to greater pressure drops. Moreover, except
for minor fluctuations, it is apparent that the pressure drop remains relatively
constant at consistent pump speeds.

The average pressure drop was computed for each pump speed, accompanied by
the calculation of standard deviations to account for variations in the measure-
ments. Figure 8.4 showcases the mean pressure drop along with the correspond-
ing variations plotted as error bars. This representation allows for comprehensive
visualization of the average pressure drop and the associated uncertainties across
different pump speeds.

8.3 Model fitting and yield point estimation

The model fitting process was carried out using a proprietary Python script,
employing a methodology inspired by the work of Slatter and Co [39]. The model
assumes a pipe plug flow and employs optimization techniques to estimate the
Herschel-Bulkley parameters. Due to confidentiality reasons, the specific details
of the model’s implementation are not disclosed, and it is considered a black
box model. The model is designed to accommodate experiments conducted with
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Figure 8.3: Recorded pressure drop over time for each pump speed. The plot shows data
from the experiments involving a 3.60% Exilva material, in the 2.88 cm diameter
pipe with a length of 4.79 meters.

various pipe lengths, pipe diameters, and flow rates, allowing it to determine the
most suitable model parameters through the fitting process.

Regrettably, the short pipe experiments exhibited significant fluctuations in the
obtained data. The pipe length is present in calculations as a linear step, indicat-
ing that longer pipes offer enhanced stability and reproducibility. Nevertheless,
the determination of the Herschel-Bulkley parameters encompassed all exper-
imental data encompassing various pipe length configurations. This approach
aimed to construct models based on a comprehensive dataset, thereby enhancing
the reliability and consistency of the outcomes.

Due to the utilization of only a single pipe diameter in the experimental setup
for Exilva with a concentration of 1.86%, it is hard to compute Herschel-Bulkley
parameters that possess broader applicability. The limited scope of employing
only one diameter and two lengths restricts the generalizability of the obtained
results, as they pertain solely to the specific experimental configuration utilized
in this study. The availability of multiple pipe diameters and lengths allows for
a more comprehensive estimation of the Herschel-Bulkley parameters, enhancing
the reliability and applicability of the computed results. The results from the
model fitting are found in table 8.1.

8.4 Calculated pressure drop from estimated Herschel-Bulkley
parameters

The Herschel-Bulkley parameters were estimated and utilized for the reverse cal-
culation of the anticipated pressure drop corresponding to each pump speed. This
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Figure 8.4: Illustration of the relationship between the measured pressure drop and the pump
speed (expressed in Hz) for the specific experiment conducted on Exilva with a
concentration of 3.60%, utilizing a pipe with a diameter of 2.88 cm and a length
of 4.79 meters. The data points represent the pressure drop obtained at various
pump speeds during the experiment, including error bars based on the standard
deviation.

section exclusively presents the computed pressure drops based on the identical
experimental arrangement depicted in figure 8.2 and figure 8.4, namely Exilva
with a concentration of 3.60%, utilizing a 2.88 cm diameter pipe with a length
of 4.79 meters.

Figure 8.5 displays the relationship between the calculated pressure drop values
and the corresponding experimentally measured pressure drops. The blue data
points on the plot represent the calculated pressure drop values, while the orange
dashed line represents a linear relationship with a slope of 1.

By examining the position of the data points relative to the orange dashed line,

Table 8.1: Model fitting with parameters generated by a Python optimization program. The
program tests different methods based on the root mean square error. The best-
fitting model with the lowest chi-square value is used to determine the parameters.
The table summarizes which method was used, which model was used to fit the
data and the parameter values found by that specific model. τ0 is the yield stress
[Pa], K is the flow consistency index [Pa · sn], and n is the flow index [−]. For
the 1.86% concentration, only the small diameter pipe was used to estimate the
parameters.

Material Method Model τ0[Pa] K[Pasn] n
Exilva 1.86 % Dual annealing Herschel-Bulkley 41.04 10.62 0.40
Exilva 2.44 % Dual annealing Herschel-Bulkley 0.1 47.38 0.26
Exilva 3.60 % Dual annealing Herschel-Bulkley 132.60 37.08 0.41
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we can assess the level of agreement between the calculated and experimentally
measured values. Ideally, if the calculated pressure drop values perfectly matched
the experimentally measured values, all the data points would lie precisely on
the orange dashed line. Deviations from this line indicate discrepancies between
the calculated and measured results.

This plot serves as a valuable tool to evaluate the accuracy and reliability of the
calculations. It provides crucial insights into the performance of the model and
can guide further analysis and refinement of the model to improve its predictive
capabilities.

To assess the predictive performance of the model, two statistical metrics, namely
the R-squared value, and root mean square error (RMSE), were computed for
the dataset. The obtained R-squared value is 0.98, indicating a high degree
of correlation between the predicted pressure drop and the experimental data
points. The RMSE value, calculated as 0.051, represents the average magnitude
of the residuals, providing a measure of the model’s accuracy.

These results suggest that the model used to derive the calculated pressure drop
demonstrates a strong correspondence with the experimental data. The high
R-squared value indicates that the model captures a significant portion of the
variance present in the dataset. Additionally, the low RMSE value signifies that
the predicted pressure drop values closely align with the observed experimental
measurements.

8.5 Comparison of parallels to ensure consistency

To ensure the reliability and consistency of the experimental results, the testing
setup incorporated the use of parallels. A parallel experiment was conducted
on Exilva with a concentration of 3.60%, utilizing a 5.5 cm diameter pipe with
a length of 4.79 meters. This methodology allowed for a thorough examination
of the experimental conditions, investigating the potential impact of random
errors and providing a means to validate the consistency of the obtained results.
Parallel A was conducted in the early stages of the testing, while parallel B was
conducted towards the end of experimental testing.

8.5.1 Flow velocity

Figure 8.6 shows the flow velocity against the pump speed for two parallels with
the previously described setup. It is clearly seen that the flow velocity showed
great consistency between the two parallels throughout all flow speeds.

8.5.2 Pressure drop

Figure 8.7 displays the relationship between pressure drop and pump speed for
two parallel setups within the aforementioned experimental configuration. The
pressure drop exhibits consistent behavior across both parallels until a pump
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Figure 8.5: The plot illustrates the comparison between the calculated and experimentally
measured pressure drops for Exilva at a concentration of 3.60%, with a pipe
length of 4.79 m and a pipe diameter of 2.88 cm. The data points, shown as blue
dots, depict the calculated pressure drop corresponding to the measured pressure
drop. The orange dashed line represents a linear relationship with a slope of
1. This implies that if the calculated pressure drop values perfectly match the
experimentally measured values, all the data points would align precisely along
the orange dashed line.

speed of 35 Hz is reached. At this point, the earlier parallel (A) demonstrates
a higher pressure drop compared to the later parallel (B). Notably, parallel A
exhibits an anomalous behavior at higher pump speeds, where the pressure drop
at 45 Hz is higher than that at 50 Hz.
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Figure 8.6: Flow velocity as a function of pump speed in Hz for two parallels with identical
setups. The setup consists of Exilva with a concentration of 3.60%, pipe length
of 4.79 m, and pipe diameter of 5.5 cm.
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Figure 8.7: Pressure drop as a function of pump speed in Hz for two parallels with identical
setups. The setup consists of Exilva with a concentration of 3.60%, pipe length
of 4.79 m, and pipe diameter of 5.5 cm.
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9 Results - Rheometer vs pipe rig
The computed Herschel-Bulkley parameters obtained from the rheometer and
pipe rig experiments have been presented in previous sections. This section
focuses on comparing the characterization of fluid flow parameters using the two
methods. Graphs incorporate experimental data from the rheometer as well as
models computed from both the rheometer data and the pipe rig data. The aim
is to analyze and contrast the results obtained from these two approaches in
characterizing fluid flow behavior. By examining these comparisons, insights can
be gained regarding the similarities and differences between the two methods of
characterizing fluid flow parameters.

Figure 9.1, figure 9.2, and figure 9.3 display the experimental shear stress and
shear rate data obtained from rheometer experiments conducted on Exilva with
concentrations of 1.86%, 2.44%, and 3.60%. The blue and orange dots corre-
spond to the ramp-up and ramp-down tests, respectively. Complementary to
the experimental data, the dashed blue and orange lines depict the models de-
rived from the rheometer data. Lastly, the green dashed line corresponds to the
model derived from experiments performed on the pipe rig.

The figures allow for a visual comparison of the different models and their agree-
ment with the experimental data, providing valuable insights into the perfor-
mance and accuracy of each approach in capturing the shear stress and shear
rate relationship for the fluid.

Figure 9.1 presents a comparison of various models for Exilva with a concentra-
tion of 1.86%. The figure showcases the deviations observed among the models
and their agreement with the experimental data. The pipe rig model exhibits a
favorable correspondence with both the experimental data and the models based
on rheometer experiments. Notably, the pipe rig model demonstrates a slight
overestimation of shear stress at lower shear rates, but closely follows the trend
beyond 20 s−1.

Figure 9.2 provides a comparative analysis of different models for Exilva with a
concentration of 2.44%. The figure highlights the observed variations among the
models and their agreement with the experimental data.

The pipe rig model demonstrates a good correspondence with both the experi-
mental data and the models based on rheometer experiments. Notably, the pipe
rig model exhibits a minor overestimation of shear stress at shear rates exceed-
ing 15 s−1. However, at lower shear rates, it aligns between the ramp-up and
ramp-down models derived from the rheometer experimental data.

Figure 9.3 depicts multiple models employed to analyze Exilva at a concentration
of 3.60%. The figure emphasizes the variations observed among the models and
their respective levels of agreement with the experimental data.

The pipe rig model displays an overshoot when compared to the experimental
data. While the model appears to capture the yield stress, it surpasses the an-
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Figure 9.1: Experimental shear stress and shear rate data obtained from rheometer exper-
iments conducted on Exilva with a concentration of 1.86%. The data points
are represented by blue dots for the ramp-up phase and orange dots for the
ramp-down phase. The dashed blue and orange lines correspond to the models
computed using the rheometer data, providing a representation of the fluid’s be-
havior based on the original measurements. The green dashed line represents the
model computed from experiments conducted on the pipe rig.

ticipated shear stress at shear rates above zero. This observation may indicate
that the rheometer underestimates shear stresses for materials with high concen-
trations, such as Exilva at a concentration of 3.60%. The disparity between the
rheometer and pipe rig will be comprehensively examined in section 10.
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Figure 9.2: Experimental shear stress and shear rate data obtained from rheometer exper-
iments conducted on Exilva with a concentration of 2.44%. The data points
are represented by blue dots for the ramp-up phase and orange dots for the
ramp-down phase. The dashed blue and orange lines correspond to the models
computed using the rheometer data, providing a representation of the fluid’s be-
havior based on the original measurements. The green dashed line represents the
model computed from experiments conducted on the pipe rig.
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Figure 9.3: Experimental shear stress and shear rate data obtained from rheometer experi-
ments conducted on Exilva with a concentration of 3.60%. The data points are
represented by blue dots for the ramp-up, while the dashed blue line corresponds
to the model computed using the rheometer data, providing a representation of
the fluid’s behavior based on the original measurements. The green dashed line
represents the model computed from experiments conducted on the pipe rig.
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10 Discussion

The discussion section of this thesis encompasses three distinct areas, each cor-
responding to the results obtained from different testing methods. The first
area focuses on the analysis of rheometer testing, providing insights into the be-
havior of the material under controlled rotational conditions. The second area
delves into the examination of pipe rig testing, exploring the performance of
the material in a more realistic flow environment. Lastly, the third area in-
volves a comprehensive comparison and evaluation of the results obtained from
both testing methods, aiming to identify any similarities and discrepancies. By
addressing these three distinct areas, this discussion section aims to provide a
comprehensive analysis of the experimental findings and contribute to a deeper
understanding of the material’s rheological properties and its response to differ-
ent testing methodologies.

10.1 Rheometer

Multiple challenges were encountered and interesting results were found during
the rheometer testing. This section aims to discuss and evaluate these findings.

10.1.1 Flow behavior

The flow behavior of Exilva was investigated using three samples with concentra-
tions of 1.86%, 2.44%, and 3.60% DS. Controlled shear rate testing was conducted
to assess the rheological properties of the samples. The results demonstrated that
all samples exhibited non-Newtonian shear thinning flow behavior. Specifically,
as the shear rate increased, the shear stress increased while the viscosity de-
creased. This behavior is characteristic of non-Newtonian shear-thinning fluids.
Moreover, the findings align with previous research and information provided by
the producer of Exilva, Borregaard. Similar shear thinning behavior for MFC
suspensions has been reported and noted that higher concentrations resulted in
both higher shear stress and higher viscosity [14]. This observation is consistent
with the expected behavior, as higher concentrations of Exilva lead to greater
resistance to flow.

The agreement between the experimental results and the information from Bor-
regaard’s reports [13] [12] supports the validity and reliability of the obtained data,
further reinforcing the understanding of Exilva’s rheological properties.

10.1.2 Vane effective dimensions and container size

The effective dimensions of vanes, including the effective height and radius, play
a crucial role in determining flow resistance in rheometer experiments. In this
study, the effective dimensions of three vane sizes, namely V80/40, V40/20,
and V10/5, were investigated. The results indicated variations in the effective
dimensions between different vane sizes and containers.
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For the V80/40 vane, there was a close agreement in the estimated effective radius
between the small and large containers, differing by only 0.04 cm. However,
a more significant difference of 0.65 cm was observed in the effective height,
corresponding to a relative increase of 7.1% when transitioning from the small
to the large container. These variations suggest that container size can influence
the determination of effective dimensions.

Similarly, for the V40/20 vane, the effective height exhibited great consistency
across the two containers, with a variation of only 0.11 cm and a relative de-
crease of 2.7% when transitioning from the small to the large container. On
the other hand, the effective radius showed a more significant deviation of 0.09
cm, corresponding to a relative increase of 10.3% in the large container. These
findings highlight the importance of considering container size when determining
the effective dimensions of vanes.

It should be noted that the accuracy and reliability of the results varied depend-
ing on the vane size. The V10/5 vane exhibited larger variations, leading to
concerns about the reliability and accuracy of the obtained data. Consequently,
further experiments with this vane were not conducted.

Furthermore, the submersion depth of the vane within the fluid also plays a role in
the determination of effective dimensions. In both the V80/40 and V40/20 vanes,
the linear regression analysis considered values only when the non-wetted height
was above zero. This decision was made as the linear relationship between flow
resistance and non-wetted height does not extend beyond this range. However,
it was suggested that further experiments with the vane fully submerged in the
sample (y=0) could provide more reliable results.

The influence of container size and submersion depth on the effective dimensions
can be attributed to the variations in flow dynamics and fluid behavior within
different containers and at different submersion depths. Fluid flow near container
walls, and the interaction between the vane and the fluid, can be influenced by
the container and size submersion level. These factors can lead to differences in
flow resistance and affect the determination of effective dimensions. However,
one study has shown that the container size does not show a large effect on the
yield stress [45], which could indicate that it shouldn’t interfere with determining
the effective dimensions of vanes either. The experiments in the study involved
multiple larger containers, suggesting that in future work, more container sizes
should be tested to investigate the possible relationship with the vane effective
dimensions.

10.1.3 Weissenberg effect and vane submersion

The experimental setup initially aimed for a vane depth of 0 cm within the
fluid medium. However, this approach resulted in significant noise and non-
reproducibility, which were mainly thought to be attributed to the observed
Weissenberg effect. The impact of the Weissenberg effect was particularly pro-
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nounced at higher concentrations and viscosities. The presence of this effect
hindered the accurate measurement and interpretation of flow properties.

To overcome these issues and enhance the reproducibility of the experimental
setup, an alternative approach was adopted. Instead of maintaining a vane depth
of 0 cm, the vane was submerged to a depth of y = -0.5 cm. This adjustment was
found to effectively mitigate the disadvantages associated with the Weissenberg
effect, resulting in improved reproducibility of the experimental outcomes. Rec-
ognizing that submerging the vane to a depth of y = -0.5 cm resulted in some
extra resistance on the vane shaft is important. However, this resistance was
thought to be minimal when compared to the full resistance of the vane.

10.1.4 Evaporation during long-lasting experiments

Long-duration experiments conducted with rotational rheometers can be suscep-
tible to the issue of evaporation, which can have significant implications for the
accuracy and reliability of the obtained results. In rotational rheometry with
vane geometries, the sample being tested is placed within a confined container
with no top seal. Evaporation can introduce several complications in the exper-
imental setup. Firstly, the loss of liquid components due to evaporation leads
to a change in the concentration or composition of the sample. This alteration
can significantly affect the rheological behavior and result in inaccurate measure-
ments.

Following the completion of extended experiments, the presence of solidified ma-
terial on the inner walls of the test containers provided evidence of the significant
impact of evaporation. Solidified material can be seen on the side of the con-
tainer shown in figure 10.1. An effort was put into minimizing the evaporation by
placing the rheometer in a room with no extra ventilation and placing aluminum
foil across the top to trap moisture.

The complex flow behavior observed for Exilva with a concentration of 3.60% may
be partly due to evaporation. The background for this hypothesis is the very long
experiment times of 16 hours in total (8-hour ramp-up and 8-hour ramp-down).
The hypothesis includes drawing parallels from the distinguished sudden drops
in shear stress during ramp-up, to more solid-like materials which may suffer
from plastic deformation. Plastic deformation results in a permanently distorted
shape, meaning the material won’t be able to regain its original shape [46]. Gener-
ally, plastic deformation is a mechanical property for solid-like materials, which
is not directly applicable to fluid-like materials. However, it does seem that at
higher shear rates, the shear stress of the 3.60% concentration drops, seemingly
acting like a fracture in the structure of the material. Deformation of the struc-
ture could explain why the shear stress experiences a step-decrease since it won’t
be sheared the same way after fracturing. This hypothesis calls for further re-
search in controlled environments to test the transition between liquid-like and
solid-like behavior.
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10.1.5 Inconsistent gap for the sheared zone

In the course of long-duration experiments, a notable phenomenon was observed,
namely an incomplete shearing throughout the entire gap between the vane edge
and the inner surface of the container. The observation indicated that shearing
predominantly took place in the immediate vicinity of the vane, resulting in the
formation of a localized sheared region around the vane. This observation is
visually demonstrated in figure 10.1.

It is crucial to acknowledge the presence of the Weissenberg effect in figure 10.1,
as it introduces challenges in drawing definitive conclusions based solely on vi-
sual observations. Nonetheless, a discernible pattern emerges, suggesting the
existence of a narrow gap between the innermost and outermost regions. The
inner region exhibits spinning motion and undergoes significant shear as a result
of the rotational movement of the vane and rod. In contrast, the outermost
region appears to remain relatively stationary.

Figure 10.1: Inconsistent sheared gap for an experiment conducted on Exilva with a concen-
tration of 3.60%. The red arrows mark a gap between the inner sheared region
and the outer region which appeared to not be sheared. Solidified material is
seen on the inner walls of the container.

These observations could potentially establish a hypothesis that the outer re-
gion does not experience shearing. This entails that the application of the gap
correction factor, for shear stress and shear rate, as outlined in section 4.5.4,
becomes invalid. This is due to the fact that the sheared zone no longer extends
between the radius of the vane and the radius of the container. Consequently, the
radius of the container, R2, would require adjustment prior to any subsequent
calculations.

This hypothesis is challenged by the fact that this type of shearing was only
observed during long-lasting experiments with the 3.60% concentration, indicat-
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ing that this applies mostly to highly viscous materials. In addition, it may be
further induced by the previously discussed evaporation. Verification of whether
the material beneath the surface is moving and being sheared, is challenging,
as the material is completely non-transparent, and thus a transparent container
wouldn’t solve the problem. As of the completion of this thesis, no definitive
solution or methodology has been identified to address the aforementioned ques-
tion.

Further, the question is raised whether the utilized rheometer is in fact suitable
for testing materials with such plastic behavior. From the available materials for
this thesis, only the V40/20 vane was capable of producing results. The V10/5
vane was too small to be verified by the effective dimensions method, while the
larger V80/40 vane was too large for the highly viscous material, thus yielding
too much resistance for measurements to fall within the reliable range of the
Brookfield instrument. The common denominator of these vanes is that they all
have a height that corresponds to twice the diameter, or four times the radius.
It could be postulated that utilizing a vane with a radius in close proximity to
that of the container could potentially yield more reliable calculations. This is
attributed to the smaller sheared gap that would result, in reducing the reliance
on the gap correction factor in the calculation process. Other vane dimensions,
including vanes with other ratios between height and radius, could be used in
future work to investigate whether the calculated shear stress and shear rates
from this thesis are in fact reliable.

10.1.6 Hysteresis loop and breakdown of initial structure

Across all concentrations investigated, the experimental observations consistently
demonstrate the emergence of hysteresis loops. Additionally, the ramp-up curves
commence at higher shear stress compared to the termination points of the ramp-
down curves. The existence of these distinctive trends suggests the progressive
disruption of the initial structural arrangement within the material during the
course of the experiments. These outcomes align with the outcomes reported in
prior studies conducted on MFC suspensions [47] [14].

10.2 Pipe testing rig

10.2.1 Pipe length

Pipe dimensions are one aspect to consider when analyzing experimental data.
The presence of the pipe length as a linear term suggests that longer pipes
can contribute to improved consistency and reduced noise in the data. This
observation highlights the importance of carefully selecting the appropriate pipe
length in order to optimize the experimental setup and mitigate any undesired
variations or disturbances.

The Herschel-Bulkley parameters were individually calculated for each pipe length
and diameter in an attempt to investigate the potential impact of these param-

67



10.3 Rotational rheometer vs pipe rig 10 DISCUSSION

eters on the calculations. While some variations were observed, the limited
number of specific setups precluded drawing definitive conclusions regarding the
actual effects. Including all experiments in the calculations was a deliberate
decision aimed at increasing the applicability and generalizability of the model.

Future research should involve conducting multiple parallel experiments using
the same setup to explore which parameters may influence the estimation of
the Herschel-Bulkley parameters. Furthermore, conducting additional parallel
experiments will provide insights into the level of reproducibility of the results.
By conducting such studies, a better understanding of the factors affecting the
estimation of the Herschel-Bulkley parameters can be achieved, contributing to
improved accuracy and reliability of the model.

10.3 Rotational rheometer vs pipe rig

The obtained results demonstrate that for materials with lower concentrations,
specifically Exilva at concentrations of 1.86% and 2.44%, the Herschel-Bulkley
model based on both rheometer apparent viscosity and the pump rig yields sim-
ilar outcomes. Although some variations are observed, particularly in the esti-
mation of yield stress, the results exhibit a high level of agreement across the
range of tested shear rates.

The consistency between the two methods suggests that the rheometer’s ap-
parent viscosity and the pump rig provide comparable information regarding
the flow behavior of these lower-concentration materials. Overall, the results
indicate a strong agreement between the Herschel-Bulkley model calculations
based on rheometer apparent viscosity and pump rig measurements for lower-
concentration materials. This finding indicates that either of these methods can
be employed to accurately characterize the rheological properties of such mate-
rials.

Unfortunately, significant deviations between the methods were observed for ma-
terials with higher concentrations, specifically Exilva at a concentration of 3.60%.
In this case, either the pump rig overestimated the rheological properties, or the
rheometer underestimated them. These discrepancies are noteworthy and indi-
cate challenges in accurately characterizing the rheological behavior of materials
at higher concentrations.

Considering the high level of conformity observed between the rheometer data
and pipe rig data at lower concentrations, it can be inferred that the pipe rig
method yields more reliable and accurate results in this case. The rheometer
method encountered several challenges, as previously discussed, when testing
materials with higher concentrations, leading to less accurate estimations of the
rheological parameters.
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10.3.1 Model fitting - Ramp-up vs ramp-down

For all experiments on all concentrations, the ramp-up provided higher shear
stress than the ramp-down, at the same shear rates.

The Herschel-Bulkley model was utilized to determine the flow parameters, in-
cluding the flow consistency index, K, the flow index, n, and the yield stress τ0.
Models were computed separately for the ramp-up and ramp-down data. How-
ever, for the 3.60% concentration, only the ramp-up data proved to be consistent
enough to generate a reliable model. Specifically, the shear rate varying from 0.1
s−1 to 25 s−1 was used for this concentration.

Both the ramp-up and ramp-down models from the rheometer exhibit a tendency
to underestimate the experimental data at extremely low shear rates, particularly
when approaching the limit of zero shear rate.

Comparing the ramp-up and ramp-down models, it is evident that the ramp-up
captures more of the initial breakdown of structure and yield stress, as expected.
In contrast, the ramp-down data fails to capture this initial breakdown since the
structure has already been disrupted. However, the ramp-down data tends to
exhibit smoother behavior with reduced noise compared to the ramp-up data.
These findings emphasize the differences between the ramp-up and ramp-down
data and their respective modeling outcomes. The ramp-up data provides in-
sights into the initial breakdown of structure and yield stress, while the ramp-
down data offers smoother trends with reduced noise. Consideration of these
factors should be taken when selecting the appropriate data set for analysis,
depending on the specific objectives and characteristics of the material under
investigation.

10.4 Further research

Further research in the field of rheological characterization can contribute to a
deeper understanding of material behavior and improve the accuracy of modeling
approaches. Several areas warrant attention for future investigations.

One aspect to consider is the verification of yield stress estimations. Although the
Herschel-Bulkley model provides estimates of the yield stress, it is important to
validate these estimations through dedicated yield stress tests. Conducting more
measurements at very low shear rates, closer to the limit of zero shear rate, could
improve the accuracy of yield stress estimation. Exploring alternative measure-
ment techniques, such as oscillatory rheology, may also provide complementary
information about the material’s yield behavior.

The investigation of multiple approaches for determining the apparent viscosity
is a crucial endeavor in validating the outcomes. This thesis solely focuses on cal-
culating the apparent viscosity through the direct utilization of non-Newtonian
shear rate and shear stress correction factors. An alternative model was initially
proposed in conjunction with the employed method. The theory framework
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encompassed the description of this alternative approach, however, due to time-
consuming challenges encountered during experimental work and the constraints
imposed by the thesis timeline, the exploration of the alternative method was
regrettably not pursued. Incorporating two distinct methodologies would have
facilitated a broader generalization and enhanced the validation of the viscosity
results obtained.

Additionally, it is important to investigate the effects of ramp-up duration on the
material’s structure. Prolonged ramp-up durations may subject the material to
higher shear rates for an extended period, potentially leading to the breakdown
of time-dependent structures. Conducting experiments with varying ramp-up
durations and comparing the resulting rheological properties can provide insights
into the impact of ramp-up duration on the material’s behavior.

Furthermore, there is scope for exploring the influence of different pumps in the
pipe testing rig. Conducting experiments using pumps with varying flow veloci-
ties can provide insights into the impact of different flow rates on the material’s
rheological properties. This would enable a better understanding of how flow ve-
locity affects the behavior of the material and can contribute to the development
of more generalized models.

Investigating the effect of different pipe diameters and lengths would also be
valuable. Varying the pipe dimensions can provide a broader understanding of
how these factors influence the flow characteristics and rheological properties of
the material. By considering different pipe geometries, it would be possible to
develop more generalized models that can be applied to a range of pipe configu-
rations commonly encountered in practical applications.

Lastly, an area of interest is the time dependency of materials. While the current
study focused on steady-state measurements at various shear rates, many mate-
rials exhibit time-dependent behavior. Conducting time-dependent experiments,
would provide valuable insights into the material’s viscoelastic properties and
enhance the understanding of its rheological behavior.
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11 Conclusion
This thesis aimed to investigate the rheological properties of sewage sludge
through a model fluid, Exilva, a microfibrillated cellulose (MFC) material. The
investigation happened through rheometer testing and pipe rig experiments. The
discussion section encompassed three main areas: the rheometer analysis, the
pipe rig testing, and a comparison between the two methods.

The rheometer analysis revealed that Exilva exhibited non-Newtonian shear thin-
ning behavior, where higher concentrations lead to higher shear stress and vis-
cosity. These findings aligned with previous research and information from the
producer, validating the reliability of the data. Additionally, the study highlights
the influence of vane dimensions, container size, and submersion depth on the
determination of effective dimensions. It was also observed that evaporation and
the Weissenberg effect posed challenges during long-duration experiments.

The pipe rig testing yielded significant insights into the flow characteristics of Ex-
ilva within a realistic flow environment. The experimental results demonstrated
that all concentrations tested could be effectively represented by the Herschel-
Bulkley model, and the calculated pressure drops from the model aligned well
with the observed values. The experiments also showcased a high level of repro-
ducibility.

The comparison between the rheometer and pipe rig methods demonstrated
that, for lower-concentration materials, the Herschel-Bulkley model based on
both rheometer apparent viscosity and pipe rig measurements produced similar
outcomes. However, when dealing with higher-concentration materials, notable
discrepancies were observed, highlighting the challenges in accurately charac-
terizing their rheological properties. Moreover, experiments revealed that the
pipe rig approach yielded more reliable results for higher-concentration mate-
rials, while the rheometer encountered difficulties in accurately estimating the
rheological parameters in such cases.

In summary, this thesis contributes to a deeper understanding of Exilva’s rheolog-
ical properties and its response to different testing methodologies. The findings
emphasize the importance of considering various factors, such as vane dimen-
sions, container size, submersion depth, evaporation, and the Weissenberg effect,
in experimental setups. Furthermore, the comparison between the rheometer
and pipe rig methods highlights the advantages of the pipe rig in accurately
characterizing the rheological behavior of higher-concentration materials.

The lab bench rheometer proves effective in estimating the flow of viscous solu-
tions for materials at lower concentrations. However, its performance diminishes
when dealing with materials of higher concentrations.

Overall, this study lays the groundwork for future research to further explore
and optimize the characterization of highly viscous materials.
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A RHEOMETER - RHEO300 PROGRAMS

Appendices

A Rheometer - Rheo300 Programs
Multiple tests were conducted on each sample. The following sections show the
programs which were run for each test. All of the programs were created in the
Rheo3000 software by Brookfield [48].

A.1 Newtonian fluid - effective dimensions determinations

The constant shear rate tests performed in the Rheo3000 software are referred
to as "Modulus" tests. In these tests, a constant shear rate is applied to the
sample. The measuring blocks used for conducting constant shear rate tests in
Rheo3000 are depicted in Figure A.1.

Figure A.1: Rheo3000 program for testing constant angular velocity

A.2 non-Newtonian fluid - Ramp-up and ramp-down

The controlled shear rate tests conducted in the Rheo3000 software are referred
to as "Ramp" tests. These tests involve applying varying shear rates to the
sample. The measuring block used for conducting these controlled shear rate
tests in Rheo3000 is illustrated in Figure A.2.

Figure A.2: Rheo3000 program for testing controlled angular velocity
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B Python scrips

B.1 Effective height and radius - Newtonian fluids
def get_container_data ( data , geometry ) :

# Creat ing separa t e dataframes f o r each vane and
conta iner

data = data [ data [ "Geometry" ] == geometry ]
df = data [ data [ "y␣ [ cm] " ] >= 0 ]
df_l = df [ df [ "Container " ] == "Large" ]
df_s = df [ df [ "Container " ] == "Small " ]

# Large conta iner
# Creat ing two arrays wi th data f o r op t im i z ing the

rad ius
df_l_x_bar = df_l [ [ ’ y␣ [ cm ] ’ , ’R22␣ [ cm2 ] ’ ] ] . va lue s
df_l_y_bar = df_l [ ’ Le f tS ide ␣ [ cm3 ] ’ ]
popt_l , pcov_l = curve_f i t ( func , df_l_x_bar ,

df_l_y_bar , absolute_sigma=True )
perr_l = np . sq r t (np . d iag ( pcov_l ) ) # Standard d e v i a t i on

e r ro r s

# Small con ta iner
df_s_x_bar = df_s [ [ ’ y␣ [ cm ] ’ , ’R22␣ [ cm2 ] ’ ] ] . va lue s
df_s_y_bar = df_s [ ’ Le f tS ide ␣ [ cm3 ] ’ ]
popt_s , pcov_s = curve_f i t ( func , df_s_x_bar ,

df_s_y_bar , absolute_sigma=True )
perr_s = np . sq r t (np . d iag ( pcov_s ) ) # Standard d e v i a t i on

e r ro r s

# Combined sma l l and l a r g e
df_x_bar = df [ [ ’ y␣ [ cm ] ’ , ’R22␣ [ cm2 ] ’ ] ] . va lue s
df_y_bar = df [ ’ Le f tS ide ␣ [ cm3 ] ’ ]
popt_c , pcov_c = curve_f i t ( func , df_x_bar , df_y_bar ,

absolute_sigma=True )
perr_c = np . sq r t (np . d iag ( pcov_c ) ) # Standard d e v i a t i on

e r ro r s

# E f f e c t i v e radius , e f f e c t i v e he i gh t , and s t d f o r each
conta iner

# ( l=large , s=smal l , c=combined )
R1_l = np . sq r t ( popt_l [ 0 ] )
H_l = popt_l [ 1 ]
std_R1_l = np . sq r t ( perr_l [ 0 ] )
std_H_l = perr_l [ 1 ]
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R1_s = np . sq r t ( popt_s [ 0 ] )
H_s = popt_s [ 1 ]
std_R1_s = np . sq r t ( perr_s [ 0 ] )
std_H_s = perr_s [ 1 ]

R1_c = np . sq r t ( popt_c [ 0 ] )
H_c = popt_c [ 1 ]
std_R1_c = np . sq r t ( perr_c [ 0 ] )
std_H_c = perr_c [ 1 ]

r e s u l t s = {
’ Large␣ conta ine r ’ : { ’R1 ’ : R1_l , ’ std_R1 ’ : std_R1_l

, ’H ’ : H_l , ’ std_H ’ : std_H_l} ,
’ Small ␣ conta ine r ’ : { ’R1 ’ : R1_s , ’ std_R1 ’ : std_R1_s

, ’H ’ : H_s, ’ std_H ’ : std_H_s} ,
’Combined␣ con ta i n e r s ’ : { ’R1 ’ : R1_c , ’ std_R1 ’ :

std_R1_c , ’H ’ : H_c, ’ std_H ’ : std_H_c}}

return pd . DataFrame ( data=r e s u l t s )

B.2 Viscosity of Newtonian fluids
def ca l cu l a t e_eta ( data , geometry , mater ia l , conta iner ,

y_error , y_values , R12_mean , R12_std , H_mean, H_std , N,
n) :
"""
Ca l cu l a t e s v i s c o s i t y ( e ta ) va l u e s f o r d i f f e r e n t y

dep ths f o r a g iven geometry , mater ia l , and
conta iner type .

Parameters :
−−−−−−−−−−−
data : pandas . DataFrame

The input data
geometry : s t r

The geometry type to cons ider
mate r ia l : s t r

The mater ia l type to cons ider
conta iner : s t r

The conta iner type to cons ider
y_error : f l o a t

The standard d e v i a t i on o f the error in y
measurements , cm

y_values : l i s t
A l i s t o f y va l u e s to c a l c u l a t e e ta for , cm
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R12_mean : f l o a t
The mean va lue o f R12

R12_std : f l o a t
The standard d e v i a t i on o f R12

H_mean : f l o a t
The mean va lue o f H

H_std : f l o a t
The standard d e v i a t i on o f H

N : i n t
The number o f samples to genera te f o r the Monte

Carlo s imu la t i on
n : i n t

The number o f omega , gamma, and depth ( they are
a l r eady 4 long )

Returns :
−−−−−−−−
r e s u l t s : d i c t

A d i c t i ona r y con ta in ing the mean and standard
d e v i a t i on o f e ta va l u e s f o r each y depth .

"""
r e s u l t s = {}

df_geometry = data [ data [ "Geometry" ] == geometry ]
df_mater ia l = df_geometry [ df_geometry [ "Mater ia l " ] ==

mate r i a l ]
d f_conta iner = df_mater ia l [ d f_mater ia l [ "Container " ] ==

conta ine r ]

for y in y_values :
df_y = df_conta iner [ d f_conta iner [ "y␣ [ cm ] " ] == y ]
Omega = np . array ( df_y [ "Angular␣ v e l o c i t y ␣ [1/ s ] " ] .

t o l i s t ( ) ∗n)
Gamma = np . array ( df_y [ "Torque␣ [mNm] " ] . t o l i s t ( ) ∗n)
R22 = np . array ( df_y [ "R22␣ [ cm2 ] " ] . t o l i s t ( ) ∗n)
y_l i s t = np . array ( df_y [ "y␣ [ cm ] " ] . t o l i s t ( ) ∗n)
R12_arr = np . random . normal ( l o c=R12_mean , s c a l e=

R12_std , s i z e=N)
H_arr = np . random . normal ( l o c=H_mean, s c a l e=H_std ,

s i z e=N)
y_arr = np . random . normal ( l o c=y_l i s t , s c a l e=y_error

, s i z e=N)
eta_arr = (Gamma/Omega) ∗ (R22−R12_arr ) / ( 4 .∗ np . p i ∗

R12_arr∗R22∗(H_arr−y_arr ) ) ∗1000
mu, std = norm . f i t ( eta_arr )
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r e s u l t s [ f "y␣=␣{y}" ] = {"mean" : mu, " std " : std }
return pd . DataFrame ( data=r e s u l t s )

def p lot_eta_resu l t s ( r e su l t 1 , r e su l t 2 , y_error , l a b e l 1="
Result ␣1" , l a b e l 2="Result ␣2" , t i t l e = " t i t l e " ) :
"""
P lo t s the mean and standard d e v i a t i on o f e ta va l u e s

f o r each y depth f o r two d i f f e r e n t r e s u l t f i l e s .

Parameters :
−−−−−−−−−−−
r e s u l t 1 : d i c t

A d i c t i ona r y con ta in ing the mean and standard
d e v i a t i on o f e ta va l u e s f o r each y depth from
the f i r s t f i l e .

r e s u l t 2 : d i c t
A d i c t i ona r y con ta in ing the mean and standard

d e v i a t i on o f e ta va l u e s f o r each y depth from
the second f i l e .

y_error : f l o a t
The standard d e v i a t i on o f the error in y

measurements , cm
l a b e l 1 : s t r , o p t i ona l

Labe l f o r the f i r s t r e s u l t f i l e ( d e f a u l t : "Resu l t
1") .

l a b e l 2 : s t r , o p t i ona l
Labe l f o r the second r e s u l t f i l e ( d e f a u l t : "Resu l t

2") .
t i t l e : s t r ,

t i t l e o f p l o t
"""
x_values1 = [ ]
y_values1 = [ ]
y_err_values1 = [ ]
mean_values1 = [ ]
std_values1 = [ ]

for y , data in r e s u l t 1 . i tems ( ) :
x_values1 . append ( f loat ( y . s p l i t ( "␣" ) [ −1]) )
y_values1 . append ( data [ "mean" ] )
y_err_values1 . append ( data [ " std " ] )
mean_values1 . append ( data [ "mean" ] )
std_values1 . append ( data [ " std " ] )

x_values2 = [ ]
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y_values2 = [ ]
y_err_values2 = [ ]
mean_values2 = [ ]
std_values2 = [ ]

for y , data in r e s u l t 2 . i tems ( ) :
x_values2 . append ( f loat ( y . s p l i t ( "␣" ) [ −1]) )
y_values2 . append ( data [ "mean" ] )
y_err_values2 . append ( data [ " std " ] )
mean_values2 . append ( data [ "mean" ] )
std_values2 . append ( data [ " std " ] )

f i g , ax = p l t . subp lo t s ( )
ax . e r r o rba r ( x_values1 , y_values1 , xe r r=y_error , ye r r=

y_err_values1 , l i n e s t y l e=’None ’ , marker=’ o ’ ,
c ap s i z e =4, l a b e l=l ab e l 1 )

ax . e r r o rba r ( x_values2 , y_values2 , xe r r=y_error , ye r r=
y_err_values2 , l i n e s t y l e=’None ’ , marker=’^ ’ ,
c ap s i z e =4, l a b e l=l ab e l 2 )

ax . axh l ine ( y = visc_table_value , c o l o r = ’ r ’ ,
l i n e s t y l e = ’−− ’ , l a b e l = "CP4/40" )

ax . s e t_y labe l ( "Apparent␣ v i s c o s i t y ␣ [ Pa␣ s ] " )
ax . s e t_x labe l ( "y␣ [ cm] " )
#ax . s e t _ t i t l e ( t i t l e )
ax . l egend ( l o c =(1.04 , 0 . 5 ) )
p l t . show ( )
return f i g

B.3 Estimation of Herschel-Bulkley parameters - Rheome-
ter

def Hersche lBulk l ey ( params , x , data=None ) :
p=params . v a l u e s d i c t ( )
y_pred=p [ ’ tau0 ’ ]+p [ ’K’ ]∗pow(x , p [ ’n ’ ] )
i f data i s None :

return y_pred
else :

#return mean_squared_error ( data , y_pred )
return data−y_pred

def f i t_her s che l_bu lk l ey ( d f_ l i s t , mat e r i a l s ) :
f it_params = Parameters ( )
f it_params . add ( ’K’ , va lue =0.2 , max=1000 , min=0.05)
f it_params . add ( ’n ’ , va lue =0.2 , max=0.99 , min=0.1)
f it_params . add ( ’ tau0 ’ , va lue=10, max=1000 , min=0)
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r e s u l t s = [ ]

for mater ia l , d f in zip ( mater ia l s , d f_ l i s t ) :
K_value = [ ]
n_value = [ ]
tau0_value = [ ]
t imer = [ ]
method = [ ]
ch i s q r = [ ]
N i t e r a t i on s = [ ]
#md = [ ’ dual_anneal ing ’ ]
#md=[ ’ dual_anneal ing ’ , ’ bas inhopping ’ , ’ l e a s t s q ’ ]
#md=[ ’ l e a s t s q ’ , ’ cg ’ , ’ dual_anneal ing ’ , ’ ampgo ’ , ’

ne l de r ’ , ’ bas inhopping ’ , ’ shgo ’ , ’ b f g s ’ , ’ powe l l ’ , ’
d i f f e r e n t i a l_ e v o l u t i o n ’ ]

for i in md:
start_time = time . time ( )
x = df [ ’ Shear ␣ ra t e ␣ [1/ s ] ’ ] . va lue s
data = df [ ’ Shear ␣ s t r e s s ␣ [ Pa ] ’ ] . va lue s
minner = Minimizer ( Hersche lBulk ley , fit_params

, fcn_args=(x , data ) )
r e s u l t = minner . minimize (method=i )
dt = time . time ( ) − start_time
K_value . append ( r e s u l t . params [ ’K ’ ] . va lue )
n_value . append ( r e s u l t . params [ ’n ’ ] . va lue )
tau0_value . append ( r e s u l t . params [ ’ tau0 ’ ] . va lue )
N i t e r a t i on s . append ( r e s u l t . n fev )
t imer . append ( dt )
ch i s q r . append ( r e s u l t . c h i s q r )

d = { ’ Mater ia l ’ : [ mate r i a l ] ∗ len (md) , ’Method ’ :
md, ’N␣ i t e r ’ : N i t e ra t i on s , ’ time ( sec ) ’ : t imer ,
’ chi−square ’ : ch i sqr , \

’K ’ : K_value , ’n ’ : n_value , ’ tau0 ’ :
tau0_value}

d f r e s = pd . DataFrame ( data=d)
r e s u l t s . append ( d f r e s )

return pd . concat ( r e s u l t s , ignore_index=True )
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B.4 Estimation of Herschel-Bulkley parameters - pipe rig

The model fitting was conducted with a confidential Python script. The method
is based on work done by, amongst others, Slatter & Co [39]. The model as-
sumes pipe plug flow and calculates the Herschel-Bulkley parameters through
optimization steps. Because of confidentiality, the model is presented as a black
box model. The model may take in experiments with all pipe lengths, pipe di-
ameters, and flow rates in order to calculate the best-fitting model parameters.
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C Dry solids and density measurements

C.1 Dry solids

Table C.1 shows the measurements of dry solids content in Exilva samples.

Table C.1: Measurements of dry solids in Exilva. DS = dry solids.

Aim DS Actual DS [%] Average DS [%]
2 1.85 1.86

1.86
1.86

2.43 2.45 2.44
2.43
2.45

3.55 3.61 3.60
3.59
3.60

C.2 Density

Table C.2 shows the density measurements of the Exilva samples.

Table C.2: Measurements of the density of Exilva.

Measured density [%] Average density [kg/m3]
1.00 1.00
1.00
1.00
1.00 1.00
1.00
1.00
1.01 1.01
1.01
1.01
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