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Preface

Where | grew up, people refer to China as "the other side of the world”. Translated in the words of Dutch
documentary producer Ruben Terlou [Terlou, 2016]: "China is one of the world’s greatest powers, but
is hardly known by us. Let alone that we have an idea of how the ordinary Chinese lives and works
or what he aspires or fears.”. He alleges that for most inhabitants of the western world, the concept
"China” is something you can only grasp when you have experienced it.

| have to admit it also applied to me. | knew little or less about the country before | arrived there in
April 2017. My knowledge was limited to films, books and documentaries. The first memory of China
coming to mind is watching Walt Disney’s "Mulan” [Cook et al., 1998], the first time my father treated
me with a trip to the cinema. Intrigued by the foreign country my grandparents bought "The Amazing
Panda Adventure” [Rich et al., 1995]. A film | watched a dozens time from their settee. Growing older,
but still a child, | saw China twice through the eyes of Tintin [Hergé, 1936, 1960]. An adventurous
reporter drawn by the hand of Belgian artist George Remi.

My interest in China renewed when | started graduation at the end of 2016. Realising | would step
into the footprints my favourite comic character, | started to prepare for the trip. Watching the docu-
mentary of Terlou [Terlou and Krijgsman, 2016], reading about their history in the book of Ransmayr
[Ransmayr, 2017] and about their rise as a global power in politics and economy [Mees, 2016].

Now, looking back at it, 'm even more intrigued by what the country has to offer. From my arrival
at Shanghai Pudong airport, awaited by Dr. Yin and Dr. Vivian, until the morning Mr Shu waved me
goodbye after breakfast. | have had the opportunity to experience all of it with my own eyes. The
contrast between the crowded streets of Shanghai and the small river towns, the museums filled with
ancient artefacts of their rich history, from diners served at large round tables to the comfy street food
and above all the unprecedented hospitality. Moved and touched by it, the other side of the world starts
to feel very close.

Jelte Kim de Ridder
Delft, March 2018






Abstract

The first head loss prediction methods for hydraulic transport of solids in pipes, date back to the years
’50 of last century. The principles are still applied today. Although it is observed that obtained results
may differ from reality, when the circumstances do not represent the situation of the original experi-
ment. To investigate this, the performance of various prediction models is analysed on a large scale
laboratory test set-up.

In recent publications, several researchers observed disturbances in their expected flow patterns. De-
scribed as either 'unsteady flow’, ‘instability’ or 'unexpected mechanism’. Talmon developed the theory
that the occurrence of these events could be explained by transient processes in the pipe flow. It is
recommended to use a test pipe with great length. To verify, by longitudinal pressure profile measure-
ment, that equilibrium is measured, and that indicated transients are captured by the measuring system.

A laboratory test set-up is provided by the CCCC National Engineering Research Center of Dredg-
ing Technology and Equipment Co., Ltd (NERCD). In a joint research program with Delft University of
Technology (TUD): the pressure drops for water and mixture flow over the pipeline length are analysed.
This is done for horizontal hydraulic transport. The focus is on comparing test results with existing the-
ories and find explanations to deviating results. If instabilities are observed, the gathered data can be
used for further research on density waves in pipelines.

In the liquid flow experiment, three prediction methods derived from the Colebrook-White equation
are analysed: Darcy-Weisbach, Swamee & Jain and RangaRadju & Garde. Considering the pipeline
to be smooth, the predicted values are similar. The difference between them is almost nil. Furthermore,
the result shows good correspondence with the data acquired on the test set-up.

In the mixture experiment, four prediction methods are analysed: Durand, Fihrbéter, Jufin & Lopatin
and Wilson. They are compared with laboratory data of test conducted in a heterogeneous flow regime.
With a velocity ranging from three to six meter per second and concentrations of: 4.4, 8.1, 12.3 and 14.6
percent. In a general approach, considering all transport velocities and concentrations. It is observed
that the theoretical principle described by Durand shows the closest resemblance with the experimental
data. When only the concentrations are considered, a distinction has to be made. For the two lowest
mixture densities, the Fihrboter method gives the best fit. For the highest two, the best correlation is
according to the Durand theory. The principles of Jufin & Lopatin and Wilson underestimate the pres-
sure loss. Where the difference of the former is significantly larger in comparison to the latter.

For the lowest velocities of the twelve and fifteen percent slurry experiments, stationary waves over
the pipeline length are observed. Due to the length of the test set-up, the transition to equilibrium flow
is clearly visible. It demonstrates that longer flow loops give opportunity to conduct further research
into the extent of waves.

Keywords: Hydraulic transport, pipeline, slurry flow, pressure gradient
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Nomenclature

Nomenclature

Symbol Definition Dimension
A Area [m?]
a Correction factor [-]
b Correction factor [-]
Cod Delivered volumetric solids concentration [-]
Cyi In situ volumetric solids concentration [-]
Cy,C, Ferguson and Church coefficients [-]
dso Mass-median particle diameter [m]
Ay Decisive particle diameter [mm]
D, Pipe diameter [m]
Fry; Modified particle Froude number [-]
fs Sampling frequency [Hz]
g Gravitational acceleration [m/s?]
hpend Head loss in bend [m]
Ipend Hydraulic gradient in bend [-]
Ig Hydraulic gradient for flow of fluid [-]
I Hydraulic gradient for flow of mixture [-]
k Absolute pipe wall roughness [m]
L Length [m]
M GSD sensitive empirical exponent [-]
P Pressure [kPa]
P,, B, Pressure at locations a & b [kPa]
P, Corrected pressure [kPa]
pi Soil fraction [%]
Q Flow rate [m3/hour]
r Radius [m]
R, Reynolds number -]
Rgq Relative submerged density [-]
S¢ Relative density of fluid [-]
Skt Transport factor [m/s]
Ss Relative density of solids [-]
T Temperature [°C]
t Time [s]
%4 Mean liquid velocity [m/s]
Velocity when one half of the transported sediment is in
Y50 suspension [m/s]
Vin Mean mixture velocity [m/s]
Vrnin Minimum velocity [m/s]
v Terminal settling velocity of a single particle [m/s]
z Vertical distance [m]

xiii



Xiv 0. Nomenclature
] Nomenclature
Symbol Definition Dimension
a Angle [°]
AL Length of considered pipeline segment [m]
AP Pressure loss over distance AL [kPa]
AT Temperature difference over At [°C]
At Time interval [s]
As Darcy-Weisbach friction coefficient [-]
Us Mechanical friction coefficient [-]
wr Particle settling parameter [-]
vr Kinematic viscosity of liquid [m?/s]
& Resistance coefficient for fittings [-]
pr Density of fluid [kg/m3]
O Density of mixture [kg/m3]
Ds Density of solids [kg/m3]

Table 1: Nomenclature




Introduction

Hydraulic transport of solid material in pipes is a widely documented subject in the dredging and mining
research. The first head loss prediction methods, developed in the mid of last century, are still applied
nowadays. The principles perform well in situations representing the original experiments. But if the
circumstances change, the obtained result may differ from reality [Miedema, 2014]. To analyse their
relevance, it is proposed to compare the prediction models with results obtained on a large scale lab-
oratory experimental set-up.

In recent years, experiments [MatouSek and Krupi¢ka, 2013, Talmon, 2015] revealed the occurrence
of pressure gradient variations downstream of a 180° bend. Symptoms of such disturbances; mul-
tiple peaked hydraulic resistance curves, have been observed on earlier occasions [Gu et al., 2007,
Matousek, 1997, 2002]. One of the main recommendations [Talmon, 2015] regarding future research
is that experiments need to be conducted in longer flow loops. Reducing the risk to measure under
non-equilibrium conditions.

Such a test set-up is present in the laboratory of the CCCC National Engineering Research Center
of Dredging Technology and Equipment Co., Ltd (NERCD) in Shanghai. In December 2016 a joint
research program with Delft University of Technology (DUT) was launched. It is agreed that the experi-
mental part takes place in China and the data processing in the Netherlands. The current collaboration
project focusses on the study of pressure drops in sand-water-mixture flow. Experiments are conducted
for both horizontal and inclined hydraulic transport.

In both cases the focus is on documenting how hydraulic transport theories, for equilibrium condi-
tion, relate to test results on a large laboratory scale. This report discusses the horizontal experiments.
Results of the inclined experiments are discussed in 'Hydraulic transport in inclined large diameter
pipelines’ by M.A. de Vreede [de Vreede, 2018].

The structure of the report is as follows. It start with the problem description and research questions
in chapter 2. In chapter 3, the laboratory set-up and experimental protocol are discussed. Next is the
determination of input parameters, regarding the prediction methods, in chapter 4. What follows is the
explanation of the theoretical models with a discussion on the experiments. Therefore a distinction is
made between tests with liquid and mixture flow. The former is described in chapter 5, the latter in
chapter 6. The conclusion of this report is given in chapter 7 and recommendation are made in chapter
8.






Problem definition

This chapter describes the research topic in general. It starts with the problem analysis and is followed
by the objective. The main research question is discussed and divided into sub questions. Subse-
quently the expected challenges are discussed. In the literature review the knowledge advancement,
throughout recent history, on the subject is examined. It concludes with a hypothesis on the main
research question.

2.1. Problem analysis

There is a broad variety of pressure drop prediction methods for slurry transport through pipelines.
Some of them date back to years '50 and '60 of last century. Meanwhile, extra knowledge has been
acquired about the subject. Recent publications recommend carrying out experiments on larger test
set-ups. Which is necessary to prove some of the new discoveries.

In this context a longer flow loop can serve multiple purposes. First it can be used to analyse the
relevance of the classic prediction models. Second it can provide more information to support the
development of new theories.

2.2. Objective

For this specific project the NERCD decided to construct a large flow loop. Creating the opportunity to
examine various new research topics. In this case it is decided to analyse the relevance of the classic
prediction models. Considering this as the objective, the main research question is formed:

Qmain: TO what extent are the existing mathematical models applicable for slurry transport in a 300
millimetre diameter horizontal pipeline?

Whilst searching for an answer, several subjects are encountered. Within this context the main question
is divided in four sub questions. Each of them is a small step towards the conclusion. First, the focus is
on gathering information about previous research in the field of horizontal hydraulic transport. This to
create an overview of relevant models and recent developments. An answer to this question is given
in chapter 2.4.

Q1: What are the existing models with regard to slurry transport in horizontal pipelines?

When decided on the theoretical models to analyse, there is looked into the test set-up configuration.
Lay-outs in relevant research are studied. Next the working principle of the own design is discussed,
together with similarities, differences and why it is state-of-the-art. The information can be found in
chapter 3.3.

Q,: Which test set-up is required to validate the prediction models in a large diameter pipeline?

3



4 2. Problem definition

Next, the theoretical models that will be analysed are described. Predictions are made and the experi-
mental research part can commence. The theory on water flow is discussed in chapter 5.1. Regarding
mixture flow, information can be found in chapter 6.

Qs: What do the mathematical models predict for a pipeline of 300 millimetre diameter?

The fourth and last sub question leads to a comparison between the existing models and the acquired
experimental data. Their similarities and differences are discussed in order to form a conclusion and
give answer to the main research question. The discussion can be found in chapter 7.

Q,: To what extent are the test results from the laboratory in agreement with expectations from the
mathematical models?

Nevertheless the objective, there is also the intention to look into the extent of stationary waves. There-
fore an additional question is added to broaden the frame of the research. The goal of Q4 is not to give
a physical description or explanation. It is to state whether the longer flow loop creates the opportunity
to research the extent of waves, as recommended by Talmon[Talmon, 2015]. Hypothetically this is the
case. When demonstrated it gives opportunity to future research on the topic. The answer can be
found in chapter 6.3.7.

Q4: To which extent do stationary waves develop in a test set-up of greater length and greater pipe
diameter?

2.3. Main challenges

The main goal of this research is to create a trustworthy answer on main and sub questions. This
comes with different challenges. One of them is to come up with realistic conditions and assumptions
throughout the project process. As wrong conditions and assumptions could affect the conclusions
credibility. Another possible risk is within the design of the experimental set-up. When not done prop-
erly, results will not be reliable. And if that is the case, the data cannot be compared with results from
previous research. Furthermore it is key to have good communication between all parties in the joint
research program.

2.4. Literature review

As stated in chapter 1, hydraulic transport through pipelines is often studied and documented. Resulting
into multiple prediction methods for pressure loss in pipeline flow. Knowledge on the working principle
of liquid flow is found in ‘explicit equations for pipe flow problems’ [Swamee and Jain, 1976b]. The
paper contains information about three computational techniques, derived from the Colebrook-White
equation [Colebrook, 1939]. One of the examined principles, for the water-flow friction loss prediction
,is that of Churchill [Churchill, 1977].

Much more mathematical models are available regarding the slurry transport. One of the first, dat-
ing back to 1953, is by the hand of Durand [Durand, 1953]. The next decade the theories of Fuhrboter
[FUhrboter, 1961] and Jufin & Lopatin [Jufin and Lopatin, 1966] arose. After their publications multiple
contributions have been made in this field of research. One of the most recent additions is delivered by
Wilson [Wilson et al., 2006b], first published in 1992. These are the four prediction methods analysed
in this report.

On two occasions these models are discussed together. In 'Slurry Transport Fundamental, A Historical
Overview & The Delft Head Loss & Limit Deposit Velocity Framework’ [Miedema, 2016a], a historical
overview of the slurry transport research is given by Miedema. He collected many publications and
used them to develop his own theoretical model. The other reference treating multiple prediction meth-
ods is the ‘Dredge Pumps and Slurry Transport’ reader [Matousek, 2004b] by Matousek.

In recent years, publications [MatouSek and Krupi¢ka, 2013, Talmon, 2015] revealed the occurrence
of pressure gradient variations downstream of a 180° turn. Symptoms of such disturbances; multiple



2.5. Hypothesis 5

peaked hydraulic resistance curves, had been observed on earlier occasions in Europe [Matou$ek,
1997, 2002] and Asia [Gu et al., 2007].

Besides theory, the collected material also provides knowledge about test set-ups and measuring
equipment. Publications show that comparable research facilities feature a U-loop in their test set-up
design. The U-tube is used to determine the delivered volumetric solids concentration and the relative
density of delivered mixture. The principle is proposed by Hagler [Clift and Clift, 1981]. Consulting
the technical report on ‘Standing Waves in Slurry Pipe Flow’ [van Es and Boone, 2015], a correction
equation for the total pressure measurement along the horizontal pipe is developed. This is necessary
to remove deviations, which are probably due to local imperfections at pressure taps or flanges.

The information in this section, gives answer to the first sub-question:
Q.: What are the existing models with regard to slurry transport in horizontal pipelines?

For the considered principles, a summary on the development and proposed calculation method is
given in chapter 6.1.

2.5. Hypothesis

Hypothetical no large deviations, between theory and result, are expected to show up. This statement
is based on the argument that the mathematical prediction methods for pressure drops in a horizontal
pipeline, analysed in this report, are common in this field of research. In the contention that some of
the 60 year old models are still used today and are tested repeatedly, deviating results would rather
give reason to doubt the result itself.

Furthermore, the Fuhrbdéter prediction method is expected to give the most accurate fit. The reason
behind i, is that it was developed for a 300 millimetre pipeline. Equal to the one used in this research.






Experimental set-up

The NERCD houses a 220 meter long open flow loop, see Figure 3.1. Considering the centrifugal pump
(1) as the starting point, the 300 mm circuit features multiple sections: a U-loop (2), a cooling reservoir
(3), a measurement section (4), a mixture and storage tank (5) and a water reservoir (6). In this chapter
each section is discussed individually. Detailed information about the installed measurement equipment
is given. A comparison is made with five other laboratory flow loop configurations and furthermore it
informs on how the experimental research has been carried out. Additional figures showing the set-up
layout are included in appendix A.

Figure 3.1: Flow loop: line drawing

3.1. Flow loop

U-loop
The U-loop is located immediately after the centrifugal pump. It is used to determine the relative den-
sity of the delivered slurry ’p,,,;” and delivered volumetric solids concentration ’'C,;’. The principle is first

proposed by Hagler [Clift and Clift, 1981] and described by the GIW Hydraulic Laboratory [Wilson et al.,
2006a].

The U-loop is equipped with two sets of differential pressure meters. One in the riser, the ascend-
ing limb of the tube, and the second in the downcomer, the descending limb of the tube. Their exact
locations are displayed in Figure 3.2.
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Dimensions are expressed in mm. The 2 meter distance indicates the differential pressure meter position, located 1.5 meter
from the fittings. The grey rectangle in the riser represents the ultrasonic concentration meter.

Figure 3.2: U-loop configuration

The differential pressure meters give the input for equation 3.1, used to determine °'C,; . In the formula,
‘AP, represents the pressure gradient measured by the pressure differential meters in the riser. The
pressure differential measured in the downcomer is expressed as 'AB,’. The outcome can be used in
formula 3.2 to determine the mixture density ’p,,,’.

AP, + APy — 2% prxgxz
T 25 (Ss=DxgrzHpy

(3.1)

Pm = Cpa * (ps — pf) + ps (3.2)

Due to malfunction of the differential pressure meters, the U-loop was not operational in the described
research.

Cooling section

Downstream of the U-loop a basin is located. When filled with water, it is used to cool a 21.4 meter
long part of the pipeline. During the experimental research the cooling reservoir has not been punt into
service. A discussion on the subject is found in section 3.2, under the heading: thermometer.

Measuring section

The material is transported out of the cooling basin through an up-going vertical tube. In this riser, the
flow rate is measured. When a height of 4.8 meter above ground floor level is reached, the flow direction
is altered and a vehicle lane is crossed horizontally. Next the material passes through a descending
pipeline and enters the measurement section. This part of the flow loop has a total length of 123 meter
and consists of 34 pressure taps, see Figure 3.3. The distance between two measurement locations is
three meter, with exception of the ones that are situated in the bend (8-11) and at the flexible section
(18-19). The exact positions, expressed in the distance too the starting point of the horizontal pipeline,
are given in appendix B. Also included is information on the position of pressure tap intervals.
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Figure 3.3: Pressure tap locations

Each location is equipped with a Micro Sensor MPM4730 total and connected to a Rosemount 3051D
differential pressure meter. Configured as can be seen in Figure 3.4. The taps, at a 45° angle of
the pipeline crest, have a 25 mm opening. Large of enough to fit the diameter of the total pressure
meter (Table 3.2) and to guarantee water flow towards the Rosemount equipment. A figure of the
cross-sectional area at a tap location is included in appendix A, together with a sketch of the differential
pressure meter connection.

..

A: absolute pressure meter, B: air removal tube, C: impulse tube to differential pressure meter

Figure 3.4: Measurement location

The measurement section can be divided into two parts. The first one, ‘A+B’ (Figure 3.3), can be in-
clined. For the current lay-out of the set-up, the maximum achievable angle is 19.0°. It is limited by
the roof height of the laboratory. By shortening part ‘A+B’ larger angles, up to 45° can be reached.
Between taps 9-10 a vent is installed to remove air trapped in the system.

The second part, ‘C’ (Figure 3.3), is a horizontal section of 52.6 meter. It is separated from the first part
(A+B) by a flexible section, that is used to change the inclination angle. At this location no differential
pressure measurement is carried out. The pressure drop over this section is calculated by extracting
local pressures 18 and 19.

Mixing & storage tank

The mixture is transported towards a T-section. On both sides valves are installed. By operating them
the slurry can be transported to the desired location, one of two reservoirs. The first a is storage basin,
the second a mixing reservoir. Both have a volume of 100 m3. The configuration is as can be seen in
Figure 3.5, where the valves are the blue fragments on the pipeline.



3. Experimental set-up

Figure 3.5: Mixture and storage tank

In the current open loop design, the tanks can not be bypassed. That
the mixture is discharged after one run through the pipe can cause
complications. For constant operation, the fluidized material needs
to re-enter fluidized into the inlet of the pipeline. Keeping the par-
ticles in suspension is achieved due to turbulence, created by dis-
charging the mixture. Eventually the material flows back into the flow
loop through the cone shaped bottom of the tank and suction of the
centrifugal pump. At the bottom eight jets are installed. When nec-
essary a good quality controlled fluidization can be achieved with this
system.

Water reservoir

A water reservoir with a volume of 166 m3 is attached to the loop. The
supply of water to the system is controlled with a valve. At the end of
a slurry experiment, liquid and solids are separated. In this way water
can be re-used in an eco-friendly manner.
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3.2. Measurement equipment

Drawing on the previous section, this part gives a more detailed description of the installed equipment

and its specifications. Also special design features are highlighted. An overview of what is used and
where it is located on the set-up is given in Figure 3.6.

o

.
-,
-

1: centrifugal pump, 2: ultrasonic concentration meter, 3: electromagnetic flow meter, 4: air vent, 5: flexible pipe, 6:
temperature meter, 7: Perspex section and 8: storage and mixing tank.

Figure 3.6: Equipment location
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Differential & Absolute pressure transmitter

As mentioned, in section 1 of chapter 3, each measurement location is equipped with two pressure
transmitters. A differential and a total one. The specifications for both types can be found in respectively
Table 3.1 and 3.2.

Table 3.1: Specifications: Differential pressure transmitter

] Differential pressure transmitter \

Company Rosemount
Type 3051D
Diameter — [m]
Weight — [kg]
Accuracy 0.05 [%]
Velocity range - [m/s]
Temperature range -50 - 65 [°C]
Pressure range 0-10 [KPa]
Max. frequency 25 [HzZ]
Table 3.2: Specifications: Total pressure transmitter
] Total pressure transmitter \
Company Micro Sensor.,LTD
Type MPM4730
Diameter 0.02 [m]
Weight 0.16 [kg]
Accuracy 0.1 [%]
Velocity range - [m/s]
Temperature range -10 - 80 [°C]
Pressure range 0-200 [MPa]
Max. frequency 20 - 5000 [Hz]

The availability of two independent measuring techniques is an advantage. When results are com-
pared, any deviation can be quickly indicated. On one occasion, during the 4-8% concentration tests,
a malfunction occurred. One of the signal receivers broke down and a spare part was not immediately
available. Due to a tight schedule, the experiment had to be carried out. Causing that the differential
pressure meter data could not be recorded.

Because of this incident, only the total pressure measurements are analysed in this report. It is the
only option to compare the results in a correct manner. Results containing the differential pressure
data are included in the appendices. Nevertheless, there is a good correspondence between the two
measurement techniques.

Ultrasonic concentration meter

A Tengine TPD ultrasonic concentration meter is installed in the riser of the cooling basin. The exact
location is visualised in Figure 3.6. Specifications of the equipment are given in Table 3.3.
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Table 3.3: Specifications: Ultrasonic concentration meter

] Ultrasonic concentration meter \

Company Tengine

Type TPD

Diameter 0.3 [m]
Weight - [kg]
Accuracy 25 [%]
Concentration

range 0-40 [%]
Temperature range 0-50 [°C]
Pressure range 1 [MPa]
Max. frequency 60 [Hz]

After completion of the experimental research part, the U-loop became operational. At that point M.A.
de Vreede started to use the set-up for a study on the frictional pressure drop during inclined sediment
transport [de Vreede, 2018]. Because of the working U-tube, he could verify the data provided by the
concentration meter. During this verification he discovered that the equipment’s results are incorrect,
probably due to wrong calibration of the apparatus.

De Vreede determined the deviation between U-loop and concentration meter data. He discovered
that the measurement results of the latter are a factor 1.9 too high. This affected the scope of this
research, because the targeted concentrations are not reached.

Electromagnetic flow meter

The set-up is equipped with a Guanghua LDG-300S electromagnetic flow meter (specifications are
included in Table 3.4). At first instance it is installed in the up going limb of the U-loop, just in front of
the concentration meter. During trial tests, a strange phenomena occurred. Starting at low flow rate,
the results are as expected: a steady almost constant signal. Next the pump speed is increased and
the signal started to show fluctuations. The magnitude of these fluctuations kept on increasing towards
higher flow rates. Eventually the riser even started to vibrate.

To determine the cause, various possibilities have been taken into consideration. After elimination
only one remains. It turns out to be that the flow meter’s cable picked up the pump frequency. There-
fore the equipment needed to be positioned elsewhere. It is relocated to the vertical tube downstream
of the measuring section, as indicated in Figure 3.6. Since then no fluctuations occurred and the riser
did not vibrate anymore.

Table 3.4: Specifications: Electromagnetic flow meter

] Electromagnetic flow meter \

Company GUANGHUA

Type LDG-300S
Diameter 0.3 [m]
Weight 73.0 [kg]
Accuracy 0.5 [%]
Velocity range 0.5-10.0 [m/s]
Temperature range -25-150.0 [°C]
Pressure range 0.6-4.0 [MPa]
Max. frequency 50.0 [HZ]

Centrifugal pump

The set-up is driven by a Sanlian centrifugal pump. The design specifications can be found in Table
3.5. The corresponding performance curve is included in appendix C. The pressure over the pump
is measured with two total pressure meters. The pumps rotational speed is used to control the flow
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velocity during experiments.

Table 3.5: Specifications: Centrifugal pump

] Centrifugal pump \

Company Sanlian Pump

Type ASP1050-300-7000030W
Rated discharge 1600 [m3/h]
Rated head 25.35 [m]
Rated speed 740 [rpm]
Rated power 151.60 [kW]

Thermometer

When the mixture temperature changes, so does the viscosity. This alteration in viscosity can influ-
ence the results of the experiments. The temperature change is caused by two mechanisms: the high
ambient temperature [Linder, 2017] and the energy exchange between the slurry and the set-up when
operating.

During the experiments, the temperature is monitored with two electronic thermometers. They are
located between measurement locations 18-19 and just after location 34 (see Figure 3.6). The equip-
ment has a range of 0-100 °C, an accuracy of 0.2% and and inserted depth of 100 mm.

The sensors measured a maximum increase in temperature of circa six degrees Celsius, over a dura-
tion of two hours an a half. This change was negligible with regard to the change in viscosity. Therefore,
the cooling section has never been put into service. An overview of the measured temperature increase
during testing is given in Table 3.6. The representing graphs are added to appendix D.

Table 3.6: Temperature measurements

’ Temperature measurements ‘

C[%] Date[—] Tnini[°Cl Tmax1[°Cl ATi[°C]  Tnin2[°Cl  Tmax2[°C]  ATR[°C]  At[s]

0.5 31 —-07 26.39 29.90 3.51 26.28 29.02 2.74 1864

0.7 04 — 08 26.04 30.17 4.13 26.46 28.38 1.92 2210

8.3 03 —-08 26.52 31.21 4.69 26.80 32.79 5.99 8799

123 04 -08 27.42 31.90 4.48 27.55 32.68 5.13 10902

145 04 -08 31.51 33.19 1.68 31.78 34.17 2.39 7927
Air vent

Operating an open loop brings the risk of air entering the system. The possibility that it occurs is the
highest around the mixing tank. To avoid it, measures have been taken. Slurry needs to be released
in the reservoir under the water surface. If air still gets trapped in the system, it can be removed in
two ways. By the use of air removal tubes, installed at the pressure taps, or the use of vents. Of the
latter, three have been installed. The first at the top of the U-loop. The second at the vehicle crossing,
the connection between the cooling basin and the measurement section. The last one is located in
the 180° turn between part ’A & B’ of the measurement section. A visualisation of their locations and
lay-out can be seen in Figure 3.6.

Perspex section

A Perspex pipe is installed between pressure taps 25-26 (see Figure 3.3). It has a length of 1.5 m and
is used to monitor the behaviour of the mixture. Therefore it is located 51 meter downstream of the
180° turn, where the flow structure is not disturbed by the bend. As can be seen in Figure 3.7, two
rulers are attached to the sides.
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Figure 3.7: Perspex section

Data receiver

Equipment’s output is collected by a CTDAQS-5000 portable data receiving system. It contains three
cards, providing 32 signal collecting channels. Adding up to a total of 96. The system can capture
voltage and current signals. Limited by the maximum frequency of the differential pressure transmitter
(Table 3.1), data is recorded at a frequency of 20 Hz.

3.3. Comparison of the configuration
The flow loop configuration and its apparatus are discussed. To answer the second sub-question:

Q,: Which test set-up is required to validate these models in a large diameter pipeline?

The design is compared to five laboratory test set-ups, used for scientific experiments on slurry trans-
port. Four of them are located in Europe, one in Asia. Regarding the technological advancement, it is
necessary that the information is up-to-date. Therefore the consulted publications are not older than 20
years. For every comparable research facility, the source and design specifications are given (Table
3.7).

Matousek (2002)

In 2002, at the Dredging laboratory of Delft University of Technology, Matousek investigated the ‘pres-
sure drops and flow patterns in sand-mixture pipes’ [Matou$ek, 2002]. Experiments are conducted on a
24 meter long closed flow-loop, with a pipeline diameter of 150 millimetre. The set-up is equipped with:
two radiometric density meters, a magnetic flow meter, a Perspex observation section, an 18 meter
high U-tube, temperature regulation and differential pressure transmitters. The latter is used to deter-
mine the head loss over a three meter interval. A sketch of the design, containing two measurement
sections, is included in Figure 3.8.

1. Centrifugal

2. Sump tank

3. Vertical U-tube

4. Test loop (inclinable)

5. Differential measuring section
6. Flexible ru section

|3‘%ﬂ

X low meter

11. Winch

12. Plexiglass observation section
13. Radiometric density meter
14, Bed velocity meter

Fig. 1. Laboratory circuit with the 150-mm pipe.

Figure 3.8: Flow loop: Delft University of Technology (2002)
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Talmon (2004/2007)

There are two publications on the research of ‘self-excitation of concentration fluctuations in slurry
pipelines’, by Talmon [Talmon, 2004, Talmon et al., 2007]. He conducted experiments on a 52 meter
long closed flow-loop of Delft Hydraulics. The pipeline, 100 millimetre in diameter, is equipped with:
a radiometric density meter, an electro-magnetic flow meter, conductivity probes, an electronic ther-
mometer, multiple Perspex observation sections and differential pressure transmitters. The pressure
transducers measure over two intervals. The first over a 10 meter long pipeline section. The second
determines the difference over the pump and thus the total hydrodynamic resistance. A drawing of the
figure is included in Figure 3.9.

condugctivity
7 sensors

- ; . stand pipe
e !: perspex ™ PP

" s R
L i i [

N I - flow

L]
density meter

pump

flow meter |
mator

Figure 3.9: Flow loop: Delft Hydraulics (2004)

Ming (2007)

The laboratory of Hohai University in Nanjing houses a 200 millimetre closed-circuit. In 2007, Gu et al.
used it in their research on the ‘hydraulic transport of coarse gravel (investigation into flow resistance)’
[Gu et al., 2007]. The flow loop is equipped with: a radiometric density meter, a magnetic-inductive flow
meter, a Perspex observation section, a U-tube and differential pressure transmitters. Dimensions of
the design and the amount of measurement sections are not specified. Nor a sketch of the test set-up
is available.

Matousek & Krupicka (2013)

In 2013, MatouSek and Krupicka research ‘different types of unsteady flow of solids’ at the Institute of
Hydrodynamics in Prague. The laboratory facilitates a flow loop consisting of two parts. In the standard
lay-out the pipeline has a length of 52 meter. It is equipped with an electromagnetic flow meter, a trans-
parent observation section and three measuring sections containing differential pressure transmitters.
Two of them are located in a horizontal pipe and have an interval of two meter. The other one, in a
vertical tube, has a dimension of 1.5 meter. Data is recorded at a sampling rate of 2 Hz.

By opening the slide valves, the set-up is extended with an additional 41 meter. It opens up the pos-
sibility of using an inclinable U-loop. The design of the 100 millimetre circuit is visualised in Figure
3.10.
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Figure 3.10: Flow loop: Institute of Hydrodynamics Prague (2013)

Talmon (2015)

For an investigation into ‘stationary waves behind a bend in heterogeneous transport’, Talmon used a
flow loop manufactured out of Perspex. The internal diameter of the closed circuit is 40 millimetre. It
is equipped with a U-tube and eight differential pressure transducers. At pressure tap locations, sand
pots are installed to prevent sediment from entering the impulse tubes. The spacing between the taps
is three meter and the experiments are conducted at a sampling frequency of 10 Hz. A sketch of the
design is included in Figure 3.11.

sand storage
vessel
!
flow
meter

centrifugal pump

Figure 3.11: Flow loop: Delft University of Technology (2015)

Analysis

A summary of the flow loop specifications is given in Table 3.7. Main difference in the design is that
in Shanghai there is operated on an open flow loop. Also the pipeline length and with it the amount
of measurement locations, is significantly larger. Creating the possibility to measure under equilibrium
conditions. Furthermore, the NERCD has the biggest internal pipe diameter.

Regarding the equipment, the Shanghai laboratory is the only one to use two techniques for the pres-
sure measurement. It creates the possibility to check for malfunction in the devices and to validate the
test results. Like all other test set-ups, a U-loop is available to determine the concentration and mixture
density. Unfortunately it was not operational at the time.

There is one aspect of the NERCD'’s flow loop that is considered to be a disadvantage. They posses
of an ultrasonic concentration meter. Therefore it is not possible to analyse the internal behaviour of



18 3. Experimental set-up

the mixture. This is a missed opportunity. With the information, research into more accurate hydraulic
transport theories, two- or three-layer models, could be conducted. The other configurations feature a
radiometric density meter. When the equipment is moved vertically along the pipeline wall, the internal
structure of the mixture can be visualised.

Table 3.7: Flow loop comparison

Flow loop comparison

Matousek Talmon Gu et al.

Location Delft Delft Nanjing
Year 2002 2004 — 2007 2007
Loop closed closed closed
Length [m] 24 52 -
Internal diameter [m] 0.15 0.2 0.2
Density meter radiometric radiometric radiometric
Flow meter electromagnetic electromagnetic electromagnetic
U-loop %4 — %
Thermometer %4 %4 -
Perspex section %4 %4 %4
Pressure meter differential differential differential
Measurement sections 2 2 —
Interval [m] 3 10 -
Sampling frequency [Hz] — — -
Matousek et al. Talmon This experiment

Location Prague Delft Shanghai
Year 2013 2015 2017
Loop closed closed open
Length [m] 52(93) — 220
Internal diameter [m] 0.1 0.04 0.3
Density meter — X ultrasonic
Flow meter electromagnetic %4 electromagnetic
U-loop %4 %4 X
Thermometer — — %
Perspex section %4 %4 %4
Pressure meter differential differential differential & total
Measurement sections 3 8 32/34
Interval [m] 2 3 3
Sampling frequency [Hz] 2 10 20

V: present , —: not specified, X: not present

3.4. Experimental protocol

The experiment starts with water flow tests, which serves multiple purposes. It gives opportunity to
check whether the equipment works properly, ruling out the possibility of a factory error or malfunction-
ing due to wrong instalment. Second, it provides the hydraulic gradient for liquid flow.

The water experiment starts at high velocity. The pumps rotational speed is gradually decreased,
until the lowest test velocity is reached. This process is repeated two more times. When the set-up is
validated and the equipment found to work properly, there is proceeded to the mixture experiments.
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Before every mixture test, one liquid test is carried out, for reference. For every concentration the
slurry is transported at multiple velocities. This counts as one test run and is repeated two more times.
Resulting in three different runs for every concentration.

The aim is to perform experiments for five different slurry concentrations: 5, 10, 15, 20 and 25 percent.
Due to malfunction of the ultrasonic concentration meter (see section 3.2), the targeted values turned
out to be lower. Respectively: 4.4, 8.1, 12.3 and 14.6 percent. Furthermore, one experiment could not
be conducted due to a tight schedule. The test-matrix is included in appendix E. For every experiment
it contains: the number of runs, transport velocities and measured delivered concentrations.






Preliminary calculations

The prediction methods are influenced by input parameters. Their definitions and how they are de-
termined is discussed in this chapter. The topics in order of appearance are: sediment classification,
elementary approach on the settling velocity and prediction methods for fitting losses. The chapter
concludes with an overview of the parameters.

4.1. Sediment

The sediment is retrieved during dredging operations by the ’China Communications and Construction
Company’. It originates from Xiamen, a coastal city in Fujian province, located in the south of China.
The material was send to the NERCD laboratory, to be analysed and used in scientific experiments.

To determine the particle size distribution, two techniques have been used: laser and sieving. The
former is executed by and external company: 'Malvern Instruments Ltd.’. They examined fifteen soil
samples. The sieving analysis, conducted on three soil samples, is executed in house. Six sieves, with
apertures of 0.075, 0.25, 0.5, 1, 2 and 5 mm, have been used in the process. The resulting cumulative
grain size distribution is visualised in Figure 4.1. To keep it readable, the mean of fifteen laser tests is
plotted and not the individual result.

100 T

- - -Specimen 1

- - -Specimen 2
Specimen 3

——Mean sample 1-3

----- Mean laser sample

Cumulative grain size distribution
T

80 [

60

40

Fraction passing [%]
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_____

10 10 10’
Grain size [mm]

Figure 4.1: Grain size distribution

The result of the laser tests shows a significant lower ds,, compared to that of sieving. Considering
that the sieving method is traditional in geotechnical engineering, further calculations are done with the
outcome of the sieving tests. The values are presented in Table 4.1. According to soil classification

21
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[Miedema, 2016b], the sediment is a mix of medium, coarse, very coarse sand and fine gravel. The
decisive particle diameter, an input parameter for the Flhrbdter head loss prediction, is calculated

according to equation . The result is 0.866 mm. The density of the solids is found to be 2650 %.

dig+dyg+..+dgy+d
Ay = 10 20 . 80 90 (4.1)

Table 4.1: Grain size distribution

Cumulative grain size distribution [mm)] ‘
d10 dZO d30 d40 dSO d60 d70 d80 d90
0.347 0522 0.595 0.677 0.770 0.876 0.997 1.453 2274

4.2. Settling velocity

The terminal settling velocity of a transported single particle, defined as the velocity at which it settles
in a large volume of liquid, can be determined in multiple ways. Both Matousek [Matousek, 2004b]
and Durand [Durand, 1953] describe a technique depending on flow regime and grain size distribution.
Applicable on the ds, of 0.77 mm, is the Budryck equation. Designed for particles between 0.1 and 1
millimetre and the transition zone between laminar and turbulent flow. The equation is written down in
formula 4.2.

_ 8.925 S =S¢ 5
Vg x| [14+95% xdgg—1 (4.2)
dso Sf

Where 'S;' is the relative density of the liquid and 'S’ the relative density of solids. Calculated according
to formulas 4.3 and 4.4. The mass median particle diameter, 'ds,’ is expressed in millimetre.

Pr
S, =L 4.3
! Pw ( )
Ps
s, == 4.4
T pw “4)

Because of the broad grain size distribution it is considered to use different calculation methods. One is
the Rittinger equation (formula 4.5), developed for particles larger than 1 mm in a turbulent flow regime.
Again ’ds,’ is expressed in millimetre.

Ss—S
v = 87 % s

* dsgg (4.5)
f

The other prediction method, applicable on mixtures with a broad grain size distribution, is developed
by Ferguson and Church [Ferguson and Church, 2004]. The principle is written down in equation 4.6.

R d?
v, = sd ¥ g * g (4.6)

Cl*vf+\/0.75*Cz*de*g*d§O

Where the coefficients C; and C,, have values of 18 and 1. Equation 4.7 is used to determine the
relative submerged density R, .

Ps— P
de = % (47)
Pw 1000

Nevertheless, this is a comparative study analysing frictional head loss prediction methods. Among
them is the Durand principle, using the Budryck equation. Therefore formula 4.2 is used. The outcome
is 0.087 m/s. The other techniques are only mentioned and not used during the research.
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4.3. Minor losses

In the measurement section the pipeline makes
a 180° turn. The bend can be considered
as an obstruction, the flow contracts within.
It changes the effective cross-sectional area
and alters the flow direction, inducing an ad-
ditional frictional loss. It is defined as a mi-
nor loss, because the energy dissipation is
smaller in comparison with the loss in straight
pipes. A drawing of the bend in Figure
4.2 displays the dimensions (mm) in green,
pressure tap numbers in red and angles in
black.

The pressure loss due to friction in a fitting can be
predicted by two methods. One is described by
MatousSek [Matousek, 2004a], the other one pro-
posed by the Hydraulic Institute [Karassik et al.,
2000]. Both are discussed, one is used during
the data processing. Figure 4.2: 180° turn

Flow direction —

Matousek

The principle provided by Matousek, uses friction coefficient ‘¢’ to determine the minor loss. The coef-
ficient depends on the angle of the bend and the r/D,-ratio. Regarding the design of the test set-up,
the ratio is 2.5. The related coefficients for different angles can be found in Table 4.2.

The theory does not provide a &-value for a 180° bend. Therefore the turn is divided in three inter-
vals corresponding with the pressure tap locations. Respectively two fittings of 45° and one of 90°. A
detailed view on the configuration is displayed in Figure 4.2.

Table 4.2: Fittings: friction coefficient

’ Fittings: £-value [-] ‘
r/D,  45° 90°
1.5 0.130 0.20
20 0.090 0.13

25 0.085 0.13
3.0 0.080 0.13

Calculating the minor head loss, there is made a distinction between liquid and mixture flow. The former
according to formula 4.8, the latter to 4.9. Transferring the result to a hydraulic gradient or pressure
loss, formula 4.10 is used.

V
Ipena,f = € * 2% g (4.8)
V2 p
Ibend,m =& 2 ;ng * ﬁ (49)
APpeng = Ipena * 9 (4.10)

Hydraulic institute

In the ‘Pump Handbook’, Messina describes the theory of the ‘Hydraulic Institute’ [Karassik et al., 2000].
Compared with the principle proposed by the MatouSek, no distinction between liquid and mixture flow
is made. Resulting in only one formula for the minor head loss: 4.10. The friction coefficient ’¢’ is not
pre-determined and needs to be read from a graph.
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2

hbendzf*zlng (4.11)
Analysis

The prediction methods are compared by means of a fictional situation. Having flow rates of respectively
700 and 1200 m3/h. Because the approaches are almost identical, a similar outcome is expected. The
result is visualised in Figure 4.3. Where the bend is located around the 25 meter pipeline position. The
difference in prediction for the low flow rate is less than 0.5 kPa. Regarding the other transport velocity,
the difference is never higher than 1.5 kPa. The black line added to the figure, is to represent how the
initial pressure profile compares to the linear profile after the fitting loss.
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Figure 4.3: Fitting loss

However, the figure is not representative of reality. This is due to the division in intervals. The compari-
son is showing the summation of minor losses over the three intervals. While the actual loss manifests
in the third interval. This can be seen in figures in chapter 5.4, where results of the water flow ex-
periments are discussed. The physical explanation goes as follows: when the cross-sectional area
changes in the first interval, the pressure increases. In the second interval there is a combination of
two working principles. First the pressure is further accumulated. Next it is released and the pressure
starts to drop. Now the fitting causes an additional frictional head loss. This loss continues in interval
three.

The principles are compared and an analysis is made. The disadvantages and advantages are itemised
and a prediction method is chosen:

* In the theory described by Matousek, a distinction is made between liquid and mixture flow.
Messina considers the loss to be equal for both situations.

+ MatouSek’s friction coefficients are pre-determined and ready to use. According the the Hydraulic
Institute, the factor needs to be read from a graph. The graphs contain a logarithmic scale,
creating the possibility of reading errors.

+ For a flow rate higher than 1000 m3/h, the difference in outcome is less than 1.5 kPa.

Considering the arguments, it is opted to predict the additional friction loss according to the principle of
MatouSek.

4.4. General parameters

An overview of parameters defined in advance of the experimental research, is to be found in Table
4.3.
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Table 4.3: General parameters

General parameters

Symbol Definition Value Dimension
dso Mass-median particle diameter 0.770 [mm]
Ay Decisive particle diameter 0.866 [mm]
D, Pipe diameter 0.30 [m]
fs Sampling frequency 20 [HZz]
g Gravitational acceleration 9.81 [m/s?]
S¢ Relative density of fluid 1 -]
S Relative density of solids 2.65 [-]
vt Terminal settling velocity of a single particle 0.087 [m/s]
Us Mechanical friction coefficient 0.4 [-]
vr Kinematic viscosity of liquid 1x107° [m?/s]
pr Density of fluid 1000 [kg/m3]
Ds Density of solids 2650 [kg/m3]







Analysis water flow experiment

The data acquired in the water-flow experiment is compared with three theories: Swamee & Jain
[Swamee and Jain, 1976b], RangaRaju & Garde [Swamee and Jain, 1976a] and Darcy-Weisbach
[Churchill, 1977]. All of them are derived from the Colebrook-White equation [Colebrook, 1939]. The
comparison serves multiple purposes:

» The flow loop and equipment are brand new. To check for malfunctions, there is examined if the
result matches the expectation.

» The absolute pipe wall roughness ‘k’, is not provided by the pipeline manufacturer. To determine
the value, assumptions are made. In an iterative process, theory is fitted to the data until an accu-
rate result is achieved. The prediction method showing the most similarity is used in calculations
for the mixture flow experiments.

This chapter started with the plan of approach on the water flow experiment. Next the three major the-
ories are explained, a flow loop correction equation is developed and the absolute pipe wall roughness
is determined. At last, the results are discussed and visualised.

5.1. Applicable theories

Darcy-Weisbach
The frictional pressure loss over desired pipeline length AL, is predicted by Darcy-Weisbach according
to equation 5.1.

_Ipxprxg
AP =000 *
The formula contains the dimensionless hydraulic gradient for liquid flow Ir. Which is determined
by equation 5.2.

AL (5.1)

Ap  V?
If = — *
D, 2xg
It holds the unknown parameter 1. Multiple options to determine the Darcy-Weisbach friction coef-
ficient are available. Itis opted to use the computational method proposed by Churchill [Churchill, 1977]
in formula 5.3. This way of calculating leaves less room for errors in contrast with the Moody method
[Moody, 1944], where the value has to be read from a graph. There are two input arguments that need

to be defined. The Reynolds number 'R,’ is calculated according to equation 5.4. The determination of
absolute pipe wall roughness ‘k’ is explained in section 5.3.

Ar=8 8" + 2.457 % AN + 027k
= —_— — 4. * —_—
f R, "I\ R, D,
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V D,
R, = (5.4)
v
f

RangaRaju & Garde

RangaRaju and Garde provide two equations for the head loss prediction, expressed in a hydraulic
gradient. Which formula to apply depends on a dimensionless parameter that is subjected to the flow
rate. If the terms of formula 5.5 are met, equation 5.6 is used.

Q 2.633
R <D—p> <0282 (5.5)
1
2.633 0.54 2
| @ k 1 v§
lr= [uf ik (Dp "339| Ky (56)

Meeting the requirements of formula 5.7, equation 5.8 is used.

2.633

Q
ook (DT,) > 0.282 (5.7)

1
2.633

0 k O
If = [Uf e * (D_p> * 2.85] * e s (5.8)

Equation 5.9 provides the calculation method for the friction factor.

2% gDy x Iy
Af:W (59)

Swamee & Jain

The Swamee and Jain theory is derived from the Colebrook-White equation. In their research a dis-
tinction between two flow types is made: smooth-turbulent and rough-turbulent. In their conclusion
they came to equations suitable for both situations. For the friction factor this is equation 5.10 and the
frictional head loss is described in formula 5.11.

0.25
- k 574 2
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5.2. Flow loop correction equation

Thirty-seven water flow experiments have been carried out. An overview of the measured velocities
and concentrations is included in Table 5.1.

A (5.10)

(5.11)
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Table 5.1: Test matrix: liquid flow

Test matrix

CONCENTRATION: 0%

Vo[m/sl || 5.66 534 527 464 448 389 318 — -
C[%] | 0.78 063 059 044 040 038 033 — -

Vo[m/sl || 240 299 381 456 527 593 660 — @ —
C[%] || 097 099 093 083 073 063 054 —  —

Vo[m/s] || 244 310 377 444 527 605 656 —  —
C[%] | 097 097 095 084 072 060 050 —  —

V,[m/s] || 240 3.07 377 456 519 601 660 — -
C[%] | 097 095 094 085 078 058 048 —  —

Vo[m/sl || 593 601 601 531 460 424 389 4.64 464
C[%] || 128 126 126 085 066 061 057 0.60 0.62

RUN 1

RUN 2

RUN 3

RUN 4

RUN 5

The total pressure profile measurements for water are visualised in Figure 5.1. The color of a line
represents a velocity as defined in the colorbar at the right. Observations show variations over the
total pipeline length in every experiment. The magnitude of these variations grow when the velocity
increases. The similarity between the deviations at a pressure tap give reason to believe that they are
caused by differences in the equipment installation. When drill holes aren’t completely equal or pipes
at flanges are misaligned and the sensors aren’t located exactly at the pipe wall, the measured water
pressure can differ a little. It are these inaccuracies that give way to deviations at specific measure-
ment locations. To get rid of these anomalies, a correction equation for every total pressure meter is
developed, with exemption of those located in the bend.

Total pressure profile: water flow downstream bend
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Figure 5.1: Total pressure profile: water flow downstream bend

To develop a correction equation, the experiment is categorised in two parts: what takes place down-
stream of the vehicle crossing, in measuring section 'A’ (Figure 3.3), is found in Appendix G. What takes
place downstream of the 180° turn, is discussed in this section. The distinction is necessary, because
the fitting disturbs the linearity of the pressure profile. In both situations the theoretical approach is
similar, the figures differ.

The flow loop correction equation is constructed according to the principle of Maciej and Talmon, de-
scribed in ’'Stationary waves in pipeline flow’ [van Es and Boone, 2015]. It is developed for an exper-
iment using differential pressure transducers. Nevertheless, it is also applicable on data of the total
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pressure meters.

The procedure goes as follows: for every experiment a linear fit is made through the related data
points. The difference between points on the curve and fitting are determined. Next the pressure taps
are analysed. Regarding a tap, 37 deviations are know with their corresponding velocity. To correlate
the deviation with velocity, the outcome is plotted against 0.5 * p * V2. A linear fit is made through the
points. The result is a second degree equation in the form of a + b x V2. The values of coefficients a
and b are tap dependent and used in equation 5.12 to correct the measured pressure.

pr*V?

(5.12)

Pcorrected = Pmeasured +a+bx

The values for coefficients a and b, with the corresponding tap number, can be found in Table 5.2.
Using the correction equation results in a more linear pressure profile, this is visualised in Figure 5.2.
It is concluded that the correction method is suitable. Therefore it is applied on all the acquired data,
for both mixture and liquid experiments.

Table 5.2: Flow loop correction coefficients

Flow loop correction coefficients ‘

Tap number a [kPa] b | Tap number [-] a [kPa] al[-]
1 -0.3846 -0.0108 | 18 0.4433  -0.072
2 0.1687 -0.0460 | 19 -0.1232  0.0055
3 0.2919 0.0777 | 20 -0.3218 -0.0565
4 0.0902 0.0095 | 21 -0.0059 0.0701
5 -0.0606 -0.0083 | 22 0.2246 -0.0664
6 -0.1597 -0.0043 | 23 0.0885 0.1192
7 0.3432 -0.0391 | 24 -0.1190 0.0214
8 -0.2941  0.0220 | 25 -0.3320 -0.0344
9 - - | 26 -1.3496  0.0485
10 - - |27 -0.6765 -0.0172
11 -0.2323 -0.0178 | 28 -0.1389 0.0131
12 -0.1958 -0.0168 | 29 -0.0622 -0.0327
13 -0.2557 0.063 | 30 0.3770 -0.0278
14 0.0244  -0.028 | 31 0.7039 -0.0161
15 0.6036 -0.0177 | 32 0.2220 0.0102
16 0.7334 0.0276 | 33 0.3212 0.0056
17 -0.0405 0.0258 | 34 0.1051 -0.0055
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Total pressure profile: water flow downstream bend
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Figure 5.2: Corrected total pressure profile: water flow downstream bend

To clarify the correction principle, an example is given by means of the 5.9 m/s velocity experiment.
The result of the laboratory test is included in Figure 5.3. The blue curve represents the original mea-
surement, recorded by the total pressure meters. The black line indicates the linear fit through the data
points. The pressure is corrected according to equation 5.12, by use of coefficients a and b. The result,
the corrected pressure profile, is plotted in green and almost similar to the linear fit. Furthermore, the
figure includes the measured and corrected hydraulic gradients over the pipeline.
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Figure 5.3: Corrected total pressure profile: water flow downstream bend

5.3. Pipe wall roughness

An estimation of the hydraulic roughness is made by a process of trial and error. According to the
prediction methods considered in section 5.1, theoretical waterlines are plotted with the acquired data
for different values of ‘k’. The best fit results in a ‘'smooth’ pipe wall. Therefore ‘k’ is assumed to be
zero in both Darcy-Weisbach and Swamee and Jain. Assigning the same value to the RangaRaju and
Garde theory will make the denominator negative. To avoid this, the roughness is assumed to be 10~8
meter. The resulting resistance curve, for data collected with the local pressure meters, can be found
in Figure 5.4. The graph representing the differential pressure measurement is included in appendix F.

Results are so similar that differences between them are almost negligible. This lead to the possi-



32

5. Analysis water flow experiment

bility of using all of them for calculations with the mixture experiments. For simplicity only one is used:

the Darcy-Weisbach method.

Water flow: total pressure resistance curve
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Figure 5.4: Resistance curve: total pressure
5.4. Analysis

The overall result of the water flow experiment, the resistance curve, is included in the previous section
(Figure 5.4). There is a good correlation between hydraulic gradients and the theoretical curve for a
smooth pipeline. On one occasion the result showed a large divergence with regard to the prediction.
This is at a flow speed of 6.56 m/s. Because it occurred only once out of thirty-seven, it is considered

to be a measurement error.

The individual experiments are analysed and the figures containing the pressure profiles and hydraulic
gradients are included in Appendix H. The result is explained on the basis of three flow rates. The
lowest examined velocity of 2.4 m/s, an intermediate of 4.6 m/s and the highest of 6.6 m/s. Their
pressure profiles can be found in Figure 5.5. The related hydraulic gradients in Figure 5.6. The results
of this specific experiments can be found in Figures: H.1a, H.10a and H.18b.
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Figure 5.5: Pressure profile: water flow
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Hydraulic gradient
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Figure 5.6: Hydraulic gradient: water flow

A first observation is that for velocities larger than 4 m/s, the value recorded by fotal pressure meter 34
deviates (located at 108 meter). This is clearly visible in Figure 5.6, containing the hydraulic gradients.
Seventeen times a sudden decrease is monitored and in nine occasion the gradient increases. There
are two possible explanations. The first is malfunction of the equipment. The second has to do with the
location. The pressure tap is the last one in the measuring section (see Figure 3.3). Downstream at a
distance of two and a half meter a 180° turn is located. This is less than nine times the pipeline diame-
ter. In comparable research [Matousek, 2002] the distance from a bend is 44xD,,, in order to avoid flow
disturbance due to the fitting. Therefore the data acquired on pressure tap 34 is left out of consideration.

Furthermore, the pressure profiles give a good fit to the Darcy-Weisbach theoretical prediction. The
peak at the 30 meter position corresponds to the location of the 180° turn. There the expected head
loss, according to the calculation method in section 4.3, did not correspond to the experimental data.
Therefore the theoretical profile is modified to match the result. In the first interval (Figure 4.2) the
pressure increases, to drop in the second and third section. In total, the additional friction loss due to
the fitting is equal to that of a 90° bend. The same calculation method for fitting losses is not applied in
the mixture experiment. With the additional density term, see equation 4.9.

Considering the hydraulic gradients, a gap is found where the bend is located (Figure 5.6). It is not
taken in to account because there the result definitely deviates from the prediction. Regarding the other
intervals a good result is achieved. The gradients vary around the expected values and there is a clear
distinction between the data of different velocities.






Analysis mixture flow experiment

In the mixture-flow experiment the acquired data is compared with four theories: Durand [Durand,
1953], Fuhrboter [FUhrboter, 1961], Jufin-Lopatin [Jufin and Lopatin, 1966] and Wilson [Wilson et al.,
2006b]. The chapter starts with an introduction of the prediction models. Discussing their applicability
to different flow regimes. What follows is a discussion on how they relate to each other and the exper-
iments conducted in this research. Then the acquired data is compared to the predictions, an analysis
is made.

6.1. Applicable theories

In this section the background of the prediction models is examined and their theoretical principles are
explained. The calculation methods hold the information to answer research question three:

Q3: What do the mathematical models predict for a pipeline of 300 millimetre diameter?

Durand

Itis in 1952, at the Laboratoire Dauphinois d’Hydraulique in Grenoble, that Durand developed an em-
pirical prediction model for the frictional pressure loss during slurry transport in pipelines. He conducted
experiments at multiple locations. In Grenoble he possessed of pipelines with diameters of 40, 104,
150 and 120 mm. In Nantes and Donzeére larger scale test, using diameters of 330, 580 and 700 mm,
took place. Experiments were carried out with uniform solids, categorised as sand and gravel. The
particle size varying between 20 um and 100 mm. Concentrations ranged between 2% to 22%.

In the report Durand distinguishes three transportation types in the heterogeneous flow regime, that
depend on the particle size. In the conclusion he links the velocity to the head loss and describes how
to predict it. The result is formula 6.1, used to determine the hydraulic gradient.

Vi * /g * dso

15
Im=180*< gD, ) #Ip % Cpg + Iy (6.1)

Using various pipeline diameters and grain sizes, the research has a broad scope. That only the
heterogeneous flow regime is studied, is considered as a limitation. When head loss predictions are
made at transition zones to stratified or pseudo-homogeneous flow, inaccuracies are shown. This
difference between reality and theory diminishes the applicability of the model.

Fiithrboter

In 1961 Alfred Fihrboter presented his dissertation at the Technische Hochschule Hannover. The
research on frictional head loss has been carried out on a 300 mm diameter flow loop. It considered
grain sizes between 0.15 and 4.6 mm. But a detailed analysis of the experiments was limited to the
range of 0.26 to 0.83 mm. The resulting prediction method is expressed in equation 6.2.

c
Iy = Sie * VL”’ +1r (6.2)

m
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The formula is simplistic and therefore easy to use. It contains a single input parameter, the empirically
determined transport factor S,;. The value, for a decisive particle diameter of 0.866 mm, is calculated
according to equation 6.3.

Skt = 2.59 % dpps — 0.037 (6.3)

Instead of d,,,, the mass-median particle diameter can figure as an input parameter. Both possibilities
are analysed, the results using ds, show a better correlation with the experimental data. Therefore all
Fuhrboter predictions are made using the mass-median particle diameter. The result using the decisive
diameter is included in appendix I.

The transport factor depends on the spatial volumetric concentration C,; and the assumption of a con-
stant slip ratio. That the approach is simplistic, is a limiting factor for the applicability of the model.
First, the settling velocity is not taken into account. Second, a constant value of the slip ratio does not
stroke with the principles of mixture flow: containing a broad range of transport velocities, concentra-
tions, applicable pipeline diameters and grain sizes. The possibility of a broad particle size distribution,
investigated in this experiment, is not even considered.

Jufin & Lopatin

In 1966, the Soviet Union developed a technical norm regarding slurry transport through pipelines.
The authors, Jufin and Lopatin, analysed four models proposed by research facilities. The prediction
methods were tested with collected experimental data and records of dredge installations. Covering
particle sizes of 0.25 to 11 mm, categorised as sand and gravel, and tube diameters of 24 to 900 mm.
The final result is the equation presented in formula 6.4. Unlike other models, this principle appears to
describe the lower limit of the head loss [Talmon, 2017].

V.. 3
Iy = [1 +2 (%)] * I (6.4)

Where V,,;, is the minimum velocity. The value is determined according to the empirical correlation
given in equation 6.5.

R

Vinin = 5.3 % (Cyq * D x ") (6.5)

It contains the particle settling parameter W, equation 6.6. Which depends on the particle Froude
number Fr,;.

15
v
W= ppls = | L 6.6
ot ( f—g*ds()) (6.6)

The outcome assigns a value 0.716 to W*. Nevertheless, a broad grain size distribution affects the
parameter. Therefore an addition is made in formula 6.7.

15
_ X Frpei* i

lp*
100

(6.7)

The equation depends on the soil fraction pi, expressed as a percentage of the total weight. The result
is 0.978, the input for the calculation is included in Table 6.1. A comparison is made between the use
of formulas 6.6 and 6.7. The result is included in section 6.3.6.
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Table 6.1: Particle settling parameter

Particle settling parameter

dsieve [mm] Pl [%] di [m] Frvlt,sl Frvltsl * Pl
5 0.00
2 1340 0.0035 0.32 4.31
1 19.69 0.0015 0.61 11.96
0.5 5282 0.00075 1.02 53.96
0.25 11.86 0.00038 1.72 20.37
0.075 2.23 0.00016 1.32 7.16
SUM - 100 - - 97.76

Wilson

The Wilson - Georgia Iron Works model, the last of four analysed prediction methods, is the most recent.
It dates back to 1979 and is developed for the heterogeneous flow regime. According to the authors,
the regime is a transition zone between two flow types: the fully stratified and fully-suspended. Each
having a clearly distinctive transport mechanism. The former by contact loads, the latter by suspension.
This model formed the base for the 4-component model [Sellgren et al., 2016].

The research consisted of experiments on two flow loops with different cross-sectional area. The first
has a pipeline diameter of 200 mm, the second of 440 mm. The mixture contained particles that are
categorised as medium to coarse sand. The delivered volumetric concentration did not exceed a value
of 16%.

-M
/A
Ly = 0.5 g * (ﬁ) *Cyg * (Ss— 1) +1f (6.8)

Where ::—m is the stratification ratio.
50

(6.9)

S, —1 0.45
1.65

Vso = 3.93 + d235 % (

The empirically determined exponent M, relates the stratification ratio with the particle size distribution.
It is calculated according to formula 6.10.

d -1
M=In <i5> (6.10)
dSO

The value of dgs, read in Figure 4.1, is 1.759. Resultingin M to be 1.21. However, recent developments
give reason to believe that the calculation method should be altered. The data set, used to empirically
determine the exponent, contained measurements under deposition limit velocity. Removing data of
experiments with a stationary bed, should alter the exponent. Therefore the value should become
closer to one [MatouSek, 2018]. Because this research has an investigative character, the principle of
Wilson is used as first proposed.

6.2. Comparison of the prediction models

The four prediction methods analysed in the previous section are developed for a heterogeneous flow
regime. This suits the scope of this project. Due to the flow loops length and the limited pump capac-
ity, it is not possible to achieve a transport velocity high enough to reach pseudo-homogeneous flow.
Furthermore, there is no possibility to conduct experiments in fully stratified flow. The design of the
set-up contains various turns and height differences. With it comes the risk of blockage. To avoid it,
experiments can only be carried out at the limit of deposition velocity.

To compare the principles, a summary of the underlying experimental parameters is given in Table
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6.2. In general the NERCD fits the range of the prediction methods, for both concentration and pipeline
diameter. One significant difference is found in the mass-median particle diameter. Where most of
the theories are developed using uniform solids, this experiment is carried out with a broad grain size
distribution.

Table 6.2: Comparison of prediction models

Prediction models for mixture flow \

Model Year D, [mm] dso [mm]  Cp,y [%]
Durand 1953 40, 104, 105, 120, 580, 700, 330 20+ 1073 - 100 <22
Flhrboter 1961 300 0.15-1.8 -
Jufin & Lopatin 1966 103 - 800 0.25-11 -
Wilson 1992 200, 440 - <16

’ Scope of this experiment ‘
B 2017 300 0770 <15 |

—: not specified

6.3. Result

To commence, the slurry transport experiment is analysed per mixture concentration. In order of ap-
pearance: 4, 8, 12 and 15 percent. First a general description of the test result is given. The measured
hydraulic gradients are plotted against their theoretical prediction. The figures contain a blue line rep-
resenting an ideal situation: where a test result matches the prediction of an examined principle. When
a data point falls left of the line, the frictional head loss is higher than expected. If it is located at the
right side, the pressure drop is underestimated by the prediction method.

After separately analysing the concentration measurements, all data is brought together in a resis-
tance curve. Containing the hydraulic gradients and the theoretical predicted curves. The results are
discussed and a conclusion is drawn. To conclude the section, the hydraulic gradients over the pipeline
length are analysed, in order to answer the additional research question.

The analysing procedure equal to that of liquid flow, is included in appendix J. For three different trans-
port velocities: the pressure profiles over the pipeline length are given. The flow velocities used are
the lowest recorded, an intermediate one and the highest transport velocity. The results are compared
with the four theoretical prediction models.

Table 6.3 contains an overview of measured velocities and concentrations for the conducted mixture
experiments.

] Test matrix |

CONCENTRATION: 4.41%
RUN1 | Vm [/sT][ 401 464 491 499 538 601 -
C[w] || 888 808 813 840 9.07 890 -
Vo Im/sl || 597 578 527 519 491 420 3.73
C[w] || 896 890 826 788 7.68 740 7.48

RUN 2
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] Test matrix |
CONCENTRATION: 8.12%
RUN 1 Vi [m/s] 5.15 5.03 4.64 4.60 3.81 3.34
C [%] 14.84 1498 1583 16.35 16.73 12.74
RUN2 | Vm [m/sT|[ 562 511 479 452 373 -
C [%] 1441 14.63 1580 16.23 15.18 —
RUN3 | Vm[m/s] | 507 468 452 393 334 -
C[%] || 1437 1559 1598 16.09 11.64 -
CONCENTRATION: 12.31%
RUN 1 Vi [m/s] 5.38 5.31 491 4.56 4.24 4.09 3.89 3.65
C[%] || 2295 22.68 2499 2558 24.61 23.82 2340 20.66
RUN2 | Vm [m/sT|[ 538 491 476 424 409 365 - -
C[%] || 21.13 23.26 24.52 23.63 23.71 21.39 — —
RUN3 | in[m/s] || 554 519 479 440 409 373 - -
C[%] || 20.34 2280 24.33 24.04 2152 21.88 — —
CONCENTRATION: 14.55%
RUN 1 Vi [m/s] 5.34 4.83 4.64 4,28 4,01 3.38
C[%] || 2693 28.76 29.15 2852 27.81 23.18
RUN2 | Vm[m/s] | 523 503 460 420 389 350
C[%] || 26.66 2896 2891 28.64 27.84 24.66
RUN3 | Vn[m/sI || 495 460 444 409 350 =
C[%] || 2842 2885 2832 27.83 2394 —

Table 6.3: Test matrix: mixture flow

6.3.1. 4% concentration
Two test runs are carried out with a four percent concentration slurry. The amount of examined velocities
is thirteen. The lowest flow velocity is 3.7 m/s, the intermediate is 4.9 m/s and the highest is 6.0
m/s. The gradients in this experiment, determined by distraction the measured total pressures over an
interval, are plotted against the theoretical prediction in Figure 6.1.
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For the lowest examined concentration, the Fuhrboter model gives the best result. There the acquired
data corresponds to the theoretical prediction. The other models underestimate the pressure drop in
the pipeline. Considering the Wilson model, the difference between theory and experimental data is
small. Therefore these two principles are considered to be suitable for frictional head loss predictions
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at this concentration.
Data points of the Jufin & Lopatin and Wilson model fall left of the theoretical line. Both methods pre-

dicted the pressure loss to be lower with regard to the experimental results. The divergence between
theory and the measured data is largest for the Wilson principle.

6.3.2. 8% concentration

Three test runs are carried out with an eight percent concentration slurry. The amount of examined
velocities is sixteen. The lowest flow velocity is 3.3 m/s, the intermediate is 4.5 m/s and the highest is
5.6 m/s. The comparison between theory and experimental data is visualised in Figure 6.2.
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Figure 6.2: Result mixture experiment: (C=8%)

With increase in concentration, the principles start to distinguish themselves. The underestimation of
the frictional pressure loss by the Jufin-Lopatin and Wilson models sets through. The divergence be-
tween expectation and test results, is largest for the first mentioned.

The blue line representing the theoretical prediction, separates the Durand and Fihrbéter data points.
The former slightly underestimates the head loss in the pipeline, while the later over-predicts. Nev-
ertheless the differences are small. Both principles are considered to be suitable for estimating the
pressure drop at this concentration.

6.3.3. 12% concentration

Three test runs are carried out with a twelve percent concentration slurry. The amount of examined
velocities is twenty. The lowest flow velocity is 3.7 m/s, the intermediate is 4.6 m/s and the highest is
5.5 m/s. The gradients measured in this experiment, are plotted against the theoretical prediction in
Figure 6.3.



6.3. Result 41

Hydraulic gradient: Cvd=0.12
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Figure 6.3: Result mixture experiment: (C=12%)

For the twelve percent concentration mixture, the measured data shows good correspondence with
the Durand principle. The Fuhrbdter method overestimates the frictional pressure loss in the pipe.
Again, the two other theories predict the hydraulic gradient lower than measured. With increase in
concentration, they show a larger divergence between expectation and experimental result.

6.3.4. 15% concentration

Three test runs are carried out with a four percent concentration slurry. The amount of examined
velocities is seventeen. The lowest flow velocity is 3.4 m/s, the intermediate is 4.4 m/s and the highest
is 5.3 m/s.

General analysis
The gradients measured in this experiment, are plotted against the theoretical prediction in Figure 6.4.
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Figure 6.4: Result mixture experiment: (C=15%)

The result is similar to that of the twelve percent concentration experiment. The acquired test data
matches best with the Durand method. The other theories diverge more from the theoretical line. The
Fuhrbéter model overestimates and the two other principles underestimate the frictional head loss. The
difference is significantly larger for the Jufin and Lopatin model.

Durand
The pressure profiles are compared to Durand’s theoretical prediction in Figure 6.5. Upstream of the
180° turn, the experimental result matches the expectations. Downstream of the bend this progresses



42 6. Analysis mixture flow experiment

for the utmost velocities. This does not apply to the profile of the intermediate flow velocity. For the first
time there is a clear distinction between what is calculated with the Durand principle and the outcome

of the laboratory test. Around the 50 meter pipeline position the curves start to separate. Due to an
over prediction of the frictional pressure loss.
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Figure 6.5: Pressure profile: Durand (C=15%)

Fuhrboter

The pressure profiles are compared to Fiihrbéter’s theoretical prediction in Figure 6.6. The trend started
at the 12 percent concentration continues. Downstream of the bend the curves separate. This time the
divergence is larger in comparison with the result at the lower concentration. Now it clearly shows that
the measured hydraulic gradient is smaller than predicted.

Pressure Profile: Fiihrbéter
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Figure 6.6: Pressure profile: Fihrbéter (C=15%)

Jufin & Lopatin

The pressure profiles are compared to the theoretical prediction method of Jufin and Lopatin in Figure
6.7. Itis observed that the divergence grows larger with increase in concentration. At the highest anal-
ysed concentration the distinction between result and expectation continues. The difference between
theory and the data acquired in the experiment is large. At the end of the pipeline, the pressure curve
of the highest flow velocity nearly touches the expected value of the lowest flow velocity.
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Pressure Profile: Jufin-Lopatin
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Figure 6.7: Pressure profile: Jufin-Lopatin (C=15%)

Wilson

The pressure profiles are compared to the theoretical prediction method of Wilson in Figure 6.8. The
result can be compared with the Jufin and Lopatin model. Every time the concentration increases the

divergences between expectation and measurement increases with it. Nevertheless the differences
are smaller.

Pressure Profile: Wilson
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Figure 6.8: Pressure profile: Wilson (C=15%)

6.3.5. Resistance curves

The data collected for mixture experiments with various concentrations, is combined to construct a
resistance curve. The hydraulic gradients are plotted against velocity, together with the theoretical
head loss profiles of the considered prediction methods. Now every principle is analysed individually
and not the specific concentration experiments. The results are similar.

Durand

The resistance curve containing the Durand prediction is found in Figure 6.9. Overall, the data shows
close resemblance with the theoretical profiles. There is a slight under-prediction of the hydraulic
gradient for the lowest concentrations. Considering the two higher concentrations, there is an accurate
result for velocities above 4.5 m/s. At lower flow velocities the pressure losses are predicted too high.
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Durand resistance curve: total pressure
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Figure 6.9: Resistance curve: Durand

Fuhrboter

The resistance curve in Figure 6.10, has the Fuhrboter prediction included. There is a good correlation
between the experimental data and theory for the two lowest concentrations. When the concentration
increase to values above 10 percent, the frictional head loss is overestimated.

Fuhrboter resistance curve: total pressure
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Figure 6.10: Resistance curve: Fuhrboter

Jufin & Lopatin

Figure 6.11 contains the resistance curves predicted by Jufin and Lopatin. It clearly shows the under-
estimations of the frictional head loss that is observed in the pressure profiles of the previous section.
The divergence between expectation and experimental result increases significantly, with increase in
velocity.
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Figure 6.11: Resistance curve: Jufin & Lopatin

Wilson

Figure 6.12 contains the resistance curves predicted by Wilson. The result can be compared to the
Jufin and Lopatin principle. The pressure losses over the pipeline are underestimated. Nevertheless
the difference between theory and experimental data is smaller with regard to the former method.

Wilson resistance curve: total pressure
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Figure 6.12: Resistance curve: Wilson
6.3.6. Analysis

The experimental data is compared to the predictions of the four theoretical principles. In this section
the results are analysed and the applicability of the models is examined. Each method is discussed
individually. Thereby an answer is given to the fourth research question:

Q,: To what extent are the test results from the laboratory in agreement with expectations from the
mathematical models?

Durand

Compared to the other theoretical prediction methods, the Durand principle showed to be the most
suitable. Considering all transport velocities and concentrations, it gives the best correlation between
theory and the experimental data. Therefore all test results are compared with the Durand principle.
Pressure profiles and hydraulic gradients for the 4, 8, 12 and 15 percent concentration can be found in
appendices K, L, M and N.
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Fuihrboter

In the analysis of the Fuhrbéter model, the mass-median particle diameter is used instead of the de-
cisive particle diameter. With regard to the two lowest mixture densities, the principle produced the
best fit between prediction and measurements. Considering the highest two, the frictional head loss
is overestimated. This is due to the pipeline length. Within the first 40 meter the theoretical pressure
profile fits the test results. Downstream of that position, the curves starts to diverge. This deviation
increases with increase in concentration. It is expected that this phenomena set through at higher, not
analysed mixture densities.

It is concluded that the Flhrboter prediction methods gives a good indication of the hydraulic gradi-
ent for slurries with a concentration below ten percent and small distances.

Jufin-Lopatin

The principle makes a distinction between two types of mixture. The sediment can contain either
uniform solids or have a broad grain size distribution. The effect on the frictional pressure loss of both
conditions, is analysed for the concentrations of twelve and fifteen percent. The predicted hydraulic
gradients for both sediment types are compared in Figures 6.13 and 6.14. It shows that the effect
of a broad grain size distribution on the particle settling parameter, is almost nil. That no significant
difference is shown in the hydraulic gradient, is due to the power term of 1/6 in the calculation of V,;,,.

Jufin-Lopatin hydraulic gradient: Cvd=0.12
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Figure 6.14: Jufin-Lopatin Hydraulic gradient: C=12%



6.3. Result 47

Jufin & Lopatin developed a model to predict the lower limit of their collected experimental data. For the
four percent concentration test in this research, the principle performs as expected. In the resistance
curve in Figure 6.11, the lowest measured hydraulic gradient corresponds to the theoretical curve. But
when concentration increases, the pressure loss is underestimated for every experiment.

The model is based on the simplistic assumption that the hydraulic gradient at the minimum veloc-
ity equals three times the gradient for liquid flow. Within the calculation method, the influence of the
concentration seems to have a minimal effect. Therefore it is concluded that the Jufin & Lopatin prin-
ciple is not suitable for a broad range of concentrations.

Wilson
The experimental results do not match the theory of Wilson for the analysed concentrations. There is
an under-prediction of the frictional head loss, that increases when the mixture density increases.

6.3.7. Stationary waves

The 180° turn in the measurement section disturbs the flow. For high concentrations and low flow
rates, the effect of the bend manifests itself in the form of stationary waves. It originates from the
varying momentum exchange between the sliding bed and suspension layer, the mass exchange due
to erosion and sedimentation. The waves are expected to damp out downstream of the fitting. The long
pipeline length creates the opportunity to clearly visualise the transition to equilibrium flow. Therefore
the three lowest transport velocities of the twelve and fifteen percent concentration experiments are
examined. Then an answer is given to the additional research question:

Q4: To which extent do stationary waves develop in a test set-up of greater length and greater pipe
diameter?

Twelve percent concentration

In the twelve percent concentration experiment, three test runs are carried out. In all series the lowest
recorded transport velocity is 3.7 m/s. During these experiments a sliding bed with fluctuating layer
thickness is observed. In Figures 6.15, 6.16 and 6.17, the mean of the measured hydraulic gradients
at a pressure tap, are visualised. The profile that results from it is plotted in green.

Hydraulic gradient: Durand (Vm=3.7 m/s)
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Figure 6.15: Stationary wave: C=12%, V,,=3.7)
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Hydraulic gradient: Durand (Vm=3.7 m/s)
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Figure 6.17: Stationary wave: C=12%, V,,=3.7)

The blue curve added to the figures, indicates a stationary wave that damps out downstream in the
pipeline. The examined flow velocities give a similar result. Behind the 180° turn, at a position of 30
meter, the measured and theoretical profiles correlate over a distance of 30 meter. In the interval, three
waves can be clearly indicated.

Furthermore, the re-stratification effect is visible. With exception of the peaks measured around a
70 meter position, in Figures 6.15 and 6.16. The amplitude of the sinusoidal curve damps out near the
end of the measurement section. The peak and trough in the hydraulic gradient at the far end of the
pipeline are not taken into account. There the flow is disturbed by the presence of a bend, downstream
of the pressure tap locations.

That it concerns stationary waves, is proven with results of experiments at higher flow rates. For exam-
ple the hydraulic gradient profile of the 5.5 m/s test run, included in Figure 6.18. There no sinusoidal
curve, damping out over the pipeline length, is shown.
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Hydraulic gradient: Durand (Vm=5.5 m/s)
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Figure 6.18: Hydraulic gradient profile: €=12%, V,,,=5.5)

Fifteen percent concentration

In the fifteen percent concentration experiment, three test runs are carried out. The lowest recorded
transport velocities are respectively: 3.4 and twice 3.5 m/s. The approach is equal to the method
described under the previous heading. The hydraulic gradient profile over the pipeline length is plotted
in green, a theoretical sinusoidal curve in blue. In the low flow rate experiments a sliding bed with
fluctuating layer thickness is observed.
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Figure 6.19: Stationary wave: C=15%, V,,=3.4)
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Hydraulic gradient: Durand (Vm=3.5 m/s)
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Figure 6.21: Stationary wave: C=15%, V;,,=5.3)

For the higher concentration, no peak in the hydraulic gradient is observed at a 70 meter position.
Therefore the re-stratification effect becomes clearly visible. The effect correlates with the blue line,
representing the fitted stationary wave, over a distance of 35-40 meter downstream of the 180° turn. In
the interval three waves can be indicated for the examined velocities.

That it concerns stationary waves, is proven with results of experiments at higher flow rates. When
the flow rate increased to 4.2 m/s, the initial position shifts one meter to the right. Furhermore, the
wavelength increased from 11 to 12.5 meter. This is visualised in Figure 6.22.
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Hydraulic gradient: Durand (Vm=4.2 m/s)
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Figure 6.22: Hydraulic gradient profile: C=15%, V,,=4.2)
Studying the hydraulic gradient profile of the 5.2 m/s test run, included in Figure 6.23. It shows that the

variation of the hydraulic gradient is almost constant over the pipeline length and visibly lower compared
to the results at the lowest transport velocities.

Hydraulic gradient: Durand (Vm=5.2 m/s)
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Figure 6.23: Hydraulic gradient profile: C=15%, V,,,=5.2)

Double peaked hydraulic gradient curves, as observed by Tamlon [Talmon, 2015], are not shown in the
experimental result. Visualising the restratifictaion effect, the thickening of the bed layer with increase
in velocity behind a disturbance, is only possible when measuring close to the bend. Around a position
of x < 50 = D, and a distance between pressure taps of ~ 10 = D,,. In this research the measurements
are carried out over large intervals and great distance from the 180° turn. Therefore it represents
equilibrium conditions. Furthermore, there is no information on the bed layer thickness available.

Dynamic travelling waves

The presence of stationary waves is demonstrated and it is expected that in the same experiments,
dynamic travelling waves occur. The assumption is substantiated by fluctuations in the ultrasonic con-
centration measurement, included in appendix O. The acquired data is analysed, but the phenomena
could not be clearly observed. There are two explanations. One is due to the amount of pressure taps.
Over the test duration, sudden peaks and troughs occur in the hydraulic gradients. They influence the
result and diminish the visibility. Furthermore, the dynamic waves result of mass exchange between
the bed and suspension layer. That experiments are carried out at the limit of deposition limit velocity,
also diminishes the visibility. In order to observe travelling waves, further research should focus on
lower flow rates.






Conclusion

The conclusion of this research is divided in two parts. First the water flow experiments are discussed.
Subsequently, the results of the slurry transport experiments. The later is subdivided in the analysed
concentrations.

Water experiment

In the water experiment three head loss prediction methods are analysed: Darcy-Weisbach, Ran-
gaRadju & Garde and Swamee & Jain. The difference in outcome, regarding a smooth pipeline, is
almost nil. Therefore only one principle, the first mentioned, is compared with the experimental data.
In the believe that if one theory’s applicability is confirmed, it is also proven for the other two. Obser-
vation showed that result and expectation are in good correlation.

Mixture experiment

In the mixture experiment four head loss prediction methods are analysed for concentrations of : 4.4,
8.1, 12.3 and 14.6 percent. The tests are conducted in the heterogeneous flow regime. With a velocity
ranging from three to six meters per second. The result obtained at at large laboratory test set-up:

» Durand: considering all transport velocities and concentrations, this principle showed the best
correlation between theory and experimental data. It is concluded that the Durand principle is a
suitable prediction method.

» Fuhrboéter: with regard to the two lowest mixture densities, this principle produced the best fit
between prediction and measurements. Considering the highest two, the frictional head loss
is overestimated. This is due to the pipeline length. Within the first 40 meter the theoretical
pressure profile fits the test results. Downstream of that position, the curves starts to diverge.
This deviation increases with increase in concentration. It is expected that this phenomena set
through at higher, not analysed mixture densities. It is concluded that the Fihrbdter prediction
methods gives a good indication of the hydraulic gradient: for slurries with a concentration below
ten percent and small distances.

+ Jufin & Lopatin: with this principle the pressure loss is underestimated for every experiment. The
model is based on the simplistic assumption that the hydraulic gradient at the minimum velocity
equals three times the gradient for liquid flow. Therefore it is concluded that the Jufin & Lopatin
principle is not suitable for a broad range of concentrations. Furthermore, the model describes
two methods to determine particle settling parameter y. One is for uniform solids, the other for
sediments with a broad grain size distribution. Results show no significant difference between
the them. Therefore a broad grain size distribution can not be taken into account.

» Wilson: the experimental results do not match the theory of Wilson for the analysed concentra-
tions. There is an under-prediction of the frictional head loss, that increases when the mixture
density increases.

Furthermore, as a novelty for large diameter pipe size, a conclusion can be made outside of the re-
search objective. For the lowest velocities of the twelve and fifteen percent slurry experiments, sta-
tionary waves over the pipeline length are observed. In previous research they appeared stronger:
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broader particle size distribution and lower sand concentrations could be the reason. It demonstrates
that longer flow loops give opportunity to conduct further research into the extent of waves, being more
prominent at higher sand concentrations and possibly more prominent with steeper particle size distri-
bution.

Given the measured stationary waves, double peaked curves would occur when measuring close to
the bend, around a position of x < 50 = D,, and a distance between pressure taps of ~ 10 * D,,. In
this research the measurements are carried out over large intervals and great distance from the bend.
Therefore it represents equilibrium conditions.



Recommendations

In the first phase of the project, the experimental research encountered some start-up problems. Con-
sidering the brand-new facility and equipment, that was expected. Over the course of a few months,
the set-up was optimized and improved. After the optimization, valid and reliable results are obtained.
For further research on this test set-up, various improvements are suggested:

Adding an Electrical Resistance Tomography (ERT) or a radiometric density meter to the set-up,
can be beneficial. Both options create the possibility to analyse the behaviour and structure of the
slurry inside the pipeline. Which is especially interesting when transporting at around deposition
limit velocity. The equipment provides accurate information about the cross-sectional area of the
bed-layer. With this information, research into more accurate theories on hydraulic transport, like
the two - or three-layer models, can be conducted.

In this experiment, the lower velocity regimes at concentrations below 15% were investigated.
It would be useful to gather more data with regard to higher flow rates and concentrations in a
homogeneous flow regime. This, however, would require a pump with a greater capacity.

The characteristics of the sediment, originating from an actual dredging project in Xiamen, show
a broad particle size distribution. Considering the theoretical study purpose, it is recommended
to have a more uniform distribution. Increasing the reproducibility of the experiments.

It is observed that the use of a long flow loop creates the opportunity to conduct research into the
extent of stationary waves. To do this, further research should focus on higher mixture concen-
trations and transport velocities around deposition limit. It is expected that then, the phenomena
will become clearly visible.
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Flow loop design

The purpose of the figures included in this appendix, is to clarify the test set-up design. First, line
drawings of the top, side and front view are presented. Second the ground plan of the laboratory and
next some additional images. Including a drawing of the pipeline’s cross-section at a pressure tap
location. The dimensions are in millimetre.

A.1. Line drawings
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Figure A.2: Flow loop: side view
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A.2. Ground plan
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Figure A.5: Laboratory: side view
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Figure A.7: Connection of differential pressure transmitters






Position of pressure taps

Figure B.1 shows the pressure tap locations in the measurement section. The beginning of the hori-
zontal pipe is considered to be the starting point. The distance between this point and a specific tap is
given in table B.1.
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Figure B.1: Position: pressure taps

Figure B.2 shows the numbering of pressure tap intervals. The distances from starting point till interval
are specified in table B.2.
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Figure B.2: Position: pressure tap interval
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66 B. Position of pressure taps

Table B.1: Position of pressure taps

Position of pressure taps ‘

Tap number Position [m] Tap number Position [m]
Start 0

1 5.725 18 53.031

2 8.725 19 63.256

3 11.725 20 66.256

4 14.725 21 69.256

5 17.725 22 72.256

6 20.725 23 75.256

7 23.725 24 78.256

8 26.725 25 81.256

9 28.789 26 84.256

10 29.967 27 87.256
11 32.031 28 90.256
12 35.031 29 93.256
13 38.031 30 96.256
14 41.031 31 99.256
15 44.031 32 102.256
16 47.031 33 105.256
17 50.031 34 108.256

Table B.2: Position of pressure tap interval

Position of pressure tap interval ‘

Tap interval Position [m] Tap interval Position [m]
Start 0

1 7.225 18 58.1441

2 10.225 19 64.756

3 13.225 20 67.756

4 16.225 21 70.756

5 19.225 22 73.756

6 22.225 23 76.756

7 25.225 24 79.756

8 27.757 25 82.756

9 29.378 26 85.756

10 30.999 27 88.756

11 33.531 28 91.756

12 36.531 29 94.756

13 39.531 30 97.756

14 42.531 31 100.756

15 45.531 32 103.756

16 48.531 33 106.756
17 51.531
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68 C. Pump characteristics
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Figure C.1: Pump curve



Temperature measurements

The figures in this appendix contains thermometer data of experiments conducted with different con-

centrations.
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D. Temperature measurements

Temperature (C=8.31%)
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72 E. Test matrix
Test matrix
CONCENTRATION: 0%
RUN 1 Vi [m/s] 5.66 534 527 464 448 3.89 3.18 - -
C [%] 0.78 0.63 0.59 0.44 0.40 0.38 0.33 — —
RUN 2 Vi [m/s] 2.40 2.99 381 456 5.27 5.93 6.60 - -
C [%] 0.97 0.99 0.93 0.83 0.73 0.63 0.54 — -
RUN 3 Vi [m/s] 244  3.10 3.77 444 527 6.05 6.56 — —
C [%] 0.97 0.97 0.95 0.84 0.72 0.60 0.50 — -
RUN 4 Vi [m/s] 2.40 3.07 3.77 4.56 5.19 6.01 6.60 — —
C [%] 0.97 0.95 094 0.85 0.78 0.58 0.48 - -
RUN 5 Vi [m/s] 5.93 6.01 6.01 5.31 460 4.24 389 4.64 4.64
C [%] 1.28 1.26 1.26  0.85 0.66 0.61 0.57 0.60 0.62
CONCENTRATION: 4.41%
RUN 1 Vi [m/s] 4.01 4.64 491 499 5.38 6.01 —
C [%] 8.88  8.08 8.13 840 9.07 8.90 -
RUN 2 Vi, [m/s] 5.97 5.78 5.27 519 4091 4.20 3.73
C [%] 896 890 8.26 7.88 7.68 7.40 7.48
CONCENTRATION: 8.12%
RUN 1 Vi [m/s] 5.15 5.03 4.64  4.60 3.81 3.34
C[%] || 1484 1498 15.83 1635 16.73 12.74
RUN 2 Vi [m/s] 5.62 5.11 4.79  4.52 3.73 -
C[%] || 1441 1463 1580 16.23 15.18 -
RUN 3 Vi [m/s] 507 4.68 4.52 3.93 3.34 -
C[%] || 1437 1559 1598 16.09 11.64 —
CONCENTRATION: 12.31%
RUN 1 Vi, [m/s] 5.38 5.31 491 456 424  4.09 3.89 3.65
C[%] || 2295 22.68 24.99 2558 24.61 23.82 2340 20.66
RUN 2 Vi [m/s] 538 491 476 424  4.09 3.65 - —
C[%] || 21.13 23.26 24.52 23.63 23.71 21.39 — —
RUN 3 Vi [m/s] 554 519 479 440 4.09 3.73 - -
C[%] || 20.34 22.80 24.33 24.04 2152 21.88 - —
CONCENTRATION: 14.55%
RUN 1 Vi [m/s] 534 483 4.64 428 4.01 3.38
C[%] || 2693 28.76 29.15 28,52 27.81 23.18
RUN 2 Vi [m/s] 5.23 5.03 4.60 4.20 3.89 3.50
C[%] || 26.66 2896 2891 28.64 27.84 24.66
RUN 3 Vi [m/s] 4.95 4.60 444  4.09 3.50 —
C[%] || 28.42 2885 28.32 27.83 2394 -

Table E.1: Test matrix
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Water flow: pressure profile downstream
vehicle lane

Figure G.1 shows the 37 absolute pressure profiles for water flow in the pipeline downstream of the
vehicle line (pipeline section 'A’ in figure 3.3). The color of a line represents a velocity as defined in the
colorbar at the right.

Total pressure profile: water flow downstream vehicle lane
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Figure G.1: Total pressure profile: water flow downstream vehicle lane
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G. Water flow: pressure profile downstream vehicle lane

Figure G.2 contains the pressure profiles after the flow loop correction equation is applied.
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Figure G.2: Corrected total pressure profile: water flow downstream vehicle lane



Water flow: pressure profile & hydraulic
gradient

w0 Water pressure profile & hydraulic gradient: Vm =2.4 m/s w0 Water p profile & i i Vm=24m/s
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H. Water flow: pressure profile & hydraulic gradient

Water pressure profile & hydraulic gradient: Vm = 3.07 m/s
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50 Water pressure profile & hydraulic gradient: Vm = 4.24 m/s
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H. Water flow: pressure profile & hydraulic gradient

% Water pressure profile & hydraulic gradient: Vm = 4.64 m/s
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Water pressure profile & hydraulic gradient: Vm = 5.93 m/s

Water pressure profile & hydraulic gradient: Vm = 5.93 m/s

[——Measured pressure
H----Theoretical pressure
——Measured gradient

Theoretical gradient
. \ L

-0.09

-0.08

-0.05
<0.04
-0.03

-0.02

20 40 60 80 100
Position on pipeline [m]

(b) Water experiment #30

Water pressure profile & hydraulic gradient: Vm = 6.01 m/s
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Water pressure profile & hydraulic gradient: Vm = 6.05 m/s
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H. Water flow: pressure profile & hydraulic gradient

Pressure [kPa]

Water pressure profile & hydraulic gradient: Vm = 6.6 m/s
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Result mixture experiment: Fuhrboter

The result of the slurry experiment when the decisive particle diameter is used in the Fiihrbéter model,
instead of the mass-median particle diameter.

Hydraulic gradient: Cvd=0.04

0.09
0.08
3
5 0.07F
& v
(U]
= v
_E0.06F v v 1 -
Yy v N [——Theoretical
Durand
- v *
0.05 + Fuhrboter
v Jufin-Lopatin
Wilson
004 1 1 1 1 1
0.04 0.05 0.06 0.07 0.08 0.09
| theoretical [-]
m
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Figure 1.2: Result mixture experiment: (C=8%)
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Figure 1.4: Result mixture experiment: (C=15%)



Mixture flow: pressure profiles

In this appendix the pressure profiles of the mixture experiment are compared to the four theoretical
prediction methods. The analysis is divided into the tested concentrations. In order of appearance: 4,
8, 12 and 15 percent.

J.1. 4% concentration

Two test runs are carried out with a four percent concentration slurry. The amount of examined velocities
is thirteen. The lowest flow rate is 3.7 m/s, the intermediate is 4.9 m/s and the highest is 6.0 m/s.

Durand

The pressure profiles are compared to Durand’s theoretical prediction in Figure J.1. Regarding the
lowest and highest velocities, the profile fits to the expectation until the end of the pipeline is reached.
There a small distinction is observed, this is considered as an underestimation of the frictional head
loss. The pressure loss at the intermediate flow rate falls precisely on the theoretical curve. In general
the Durand principle is observed to be suitable for the prediction of low concentration mixtures.

Pressure Profile: Durand

----- Theoretical
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m
—V_=6.0
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Figure J.1: Pressure profile: Durand (C=4%)

Fiihrboter
The pressure profiles are compared to FGhrboter’s theoretical prediction in Figure J.2. Both up- and
downstream of the bend, there is an excellent correspondence between them for all the considered
velocities. The examined principle shows to be suitable for frictional head loss predictions at this con-
centration.
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Pressure Profile: Filhrbéter
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Figure J.2: Pressure profile: Fuhrboter (C=4%)

Jufin & Lopatin

The pressure profiles are compared to the theoretical prediction method of Jufin and Lopatin in Figure
J.3. In the first part of the measurement section the profiles fit to the expectation. Around the 50 meter
pipeline position, the curves of the utmost velocities start the separate. At the 70 meter distance, this

is also the case for the intermediate velocity. There is a underestimation corresponding to the lower
limit of the data acquired by Jufin and Lopatin.

Pressure Profile: Jufin-Lopatin
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Figure J.3: Pressure profile: Jufin-Lopatin (C=4%)

Wilson

The pressure profiles are compared to the theoretical prediction method of Wilson in Figure J.4. The
same phenomenon occurs as observed in the Jufin and Lopatin comparison for this concentration. At
the start of the pipeline theory and measurement show good correspondence. Downstream the curves
start to diverge as the prediction is lower with regard to the experimental data.
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Pressure Profile: Wilson
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Figure J.4: Pressure profile: Wilson (C=4%)

J.2. 8% concentration

Three test runs are carried out with an eight percent concentration slurry. The amount of examined
velocities is thirteen. The lowest flow rate is 3.3 m/s, the intermediate is 4.5 m/s and the highest is 5.6
m/s.

Durand

The measured pressure profiles are compared to Durand’s theoretical prediction in Figure J.5. There
is good resemblance between expectation and the acquired data at all velocities. The slope of the
lowest velocity curve is a bit steeper compared to theory. But the difference is almost nil. In general
the Durand principle seems suitable to determine the pressure drop for mixture transport at a slurry
concentration of eight percent.
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Figure J.5: Pressure profile: Durand (C=8%)

Fiihrboter
The pressure profiles are compared to Flihrbéter’s theoretical prediction in Figure J.6. Again this princi-
ples shows good correspondence between measurement and expectations. For the highest velocities

there are small deviations towards the end of the pipeline. Indicating the pressure drop is slightly lower
than what the theory describes.
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Pressure Profile: Filhrbéter
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Figure J.6: Pressure profile: Fuhrbéter (C=8%)

Jufin & Lopatin

The pressure profiles are compared to the theoretical prediction method of Jufin and Lopatin in Figure
J.7. The phenomenon observed at the lower concentration sets through. Now the separation is even
more distinct. At the end of the pipeline the difference between the measured result and the expectation
is, almost 14 kPa for the lowest velocity, 12 kPa for the intermediate and 10 kPa for the highest.
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Figure J.7: Pressure profile: Jufin-Lopatin (C=8%)

Wilson

The pressure profiles are compared to the theoretical prediction method of Wilson in Figure J.8. Again
the result is similar to the Jufin-lopatin model. There is a clear divergence visible between the experi-
mental data and the estimated pressure drop. Nevertheless the difference at the end of the pipeline is
smaller compared to the other model. The curves separate respectively: 11 for the lowest, 10 for the
intermediate and 8 kPa for the highest flow rate.
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Figure J.8: Pressure profile: Wilson (C=8%)

J.3. 12% concentration

Three test runs are carried out with a twelve percent concentration slurry. The amount of examined
velocities is twenty. The lowest flow rate is 3.7 m/s, the intermediate is 4.6 m/s and the highest is 5.5
m/s.

Durand

The pressure profiles are compared to Durand’s theoretical prediction in Figure J.9. The resultis similar
to the outcome of the 4 and 8 percent concentration experiments. Overall there is a good correspon-

dence between what is expected and what is measured. The pressure profile of lowest velocity shows
a small deviation towards the end of the pipeline.

Regarding the utmost velocities, the profile fits to the expectation until the end of the pipeline is reached.
There a small distinction is observed, this is considered as an underestimation of the frictional head
loss. The pressure loss at the intermediate flow rate falls precisely on the theoretical curve. In general
the Durand principle is observed to be suitable for the prediction of low concentration mixtures.

Pressure Profile: Durand

----- Theoretical
V_=3.7
m
—V =46
m
—V =55
m

=

(o2}

o
T

=

N

o
T

Pressure [kPa]

‘‘‘‘‘

0 20 40 60 80 100 120
Position on pipeline [m]

Figure J.9: Pressure profile: Durand (C=12%)

Fihrboter

The pressure profiles are compared to Flhrboter’s theoretical prediction in Figure J.10. A distinction
needs to be made between section A’ and section 'B+C’ of the pipeline (Figure 3.3). In the former part
of the flow loop a good resemblance is observed. For all examined velocities the measured profile fits
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the expectations.

Downstream of the 180° turn, the curves start to separate. The observed deviation grows larger with
increase in velocity. Itindicates that the predicted pressure drop is larger than measured. Nevertheless
the divergence is small and seems to be in a tolerable margin.
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Figure J.10: Pressure profile: Fihrboter (C=12%)

Jufin & Lopatin

The pressure profiles are compared to the theoretical prediction method of Jufin and Lopatin in Figure
J.11. Compared to the lower concentrations, the difference between theoretical and measurement
curves increases. The lines representing the test results even cross the expected profiles of the lower
velocities. To this principle applies: the higher the concentration, the larger the divergence.
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Figure J.11: Pressure profile: Jufin-Lopatin (C=12%)

Wilson

The pressure profiles are compared to the theoretical prediction method of Wilson in Figure J.12. What
occurred at the lower concentrations sets through. At the end of the pipeline the differences are now: 14
kPa for the lowest transport velocity and 12 for the intermediate. For the highest flow rate the difference
is almost equal compared to the 8 percent concentration experiment: 8 kPa.



J.4. 15% concentration 91
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Figure J.12: Pressure profile: Wilson (C=12%)

J.4. 15% concentration

Three test runs are carried out with a four percent concentration slurry. The amount of examined
velocities is seventeen. The lowest flow rate is 3.4 m/s, the intermediate is 4.4 m/s and the highest is
53 m/s.

Durand

The pressure profiles are compared to Durand’s theoretical prediction in Figure J.13. Upstream of the
180° turn, the experimental result matches the expectations. Downstream of the bend this progresses
for the utmost velocities. This does not apply to the profile of the intermediate flow rate. For the first
time there is a clear distinction between what is calculated with the Durand principle and the outcome

of the laboratory test. Around the 50 meter pipeline position the curves start to separate. Due to an
over prediction of the frictional pressure loss.
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Figure J.13: Pressure profile: Durand (C=15%)

Fithrboter

The pressure profiles are compared to Fihrboter’s theoretical prediction in Figure J.14. The trend
started at the 12 percent concentration continues. Downstream of the bend the curves separate. This
time the divergence is larger in comparison with the result at the lower concentration. Now it clearly
shows that the measured hydraulic gradient is smaller than predicted.
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Pressure Profile: Filhrbéter
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Figure J.14: Pressure profile: Fihrbéter (C=15%)

Jufin & Lopatin

The pressure profiles are compared to the theoretical prediction method of Jufin and Lopatin in Figure
J.15. It is observed that the divergence grows larger with increase in concentration. At the highest
analysed concentration the distinction between result and expectation continues. The difference be-
tween theory and the data acquired in the experiment is large. At the end of the pipeline, the pressure
curve of the highest flow velocity nearly touches the expected value of the lowest flow rate.
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Figure J.15: Pressure profile: Jufin-Lopatin (C=15%)

Wilson

The pressure profiles are compared to the theoretical prediction method of Wilson in Figure J.16. The
result can be compared with the Jufin and Lopatin model. Every time the concentration increases the

divergences between expectation and measurement increases with it. Nevertheless the differences
are smaller.
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Result: 4% concentration
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K. Result: 4% concentration
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Result: 8% concentration
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L. Result: 8% concentration
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Result: 12% concentration
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M. Result:

12% concentration
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N. Result: 15% concentration
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Dynamic waves: ultrasonic
concentration measurement
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