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Abstract

This study is the first to experimentally show two wave mechanisms regarding density wave amplifi-
cation with long horizontal slurry transport. There is bed-driven and suspended-driven density wave
amplification, in which the grain size determines which mechanism is dominant.

Density wave amplification in hydraulic pipeline transport causes significant risk during operation with
the consequences of blockage. Current design methodology for pipeline transport considers mixture
velocity and density constant over space and time. However, these conditions are only possible in lab-
oratory circuits where conditions can be controlled carefully. In real-world conditions, concentration
varies significantly over time due to the natural dredging process in which a dredging vessel takes slurry
from the seabed. Density wave amplification can be differentiated into two different flow categories.
Both long horizontal transport and a combination of vertical and horizontal transport. With the first
category, there are two main theories that explain the amplification of density waves: ’erosion and
sedimentation imbalance’ and ’the unstable slip point of the bed’. Here, density wave amplification
only occurs in the present of a bed. In the second category, there is one theory called the: ’transient
accumulation theory’ which is applicable to a combination of horizontal and vertical transport. With
this density wave, amplification can occur far above the deposit limit velocity. Mixture velocities
change when density waves travel from horizontal to vertical orientation and vice versa. When mix-
ture velocity changes density will change. The influence of grain size, concentration and the centrifugal
pump on density wave amplification has not been researched yet.

A test loop has been built with an inner diameter of 46mm and a length of 46 meters. The goal
of this laboratory circuit is to investigate the mechanisms that result in the amplification of density
waves. Two types of density waves were measured: bed-driven density waves occurring with coarse
sediments (Dorsilit 7; dso = 1040 um & Dorsilit 8; dsg = 619 um) and suspended driven density waves
occurring with fine sediments (Dorsilit 9; dso = 316 um & Zilverzand; dso = 240 pm). With bed-
driven density waves, there is fast amplification and multiple sharp waves which can result in areas
where no concentration is left. With suspended-driven density waves, there is one smooth wave, and
amplification takes multiple loop lengths.
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Nomenclature

Qs

AP

Ql

TA

B

dso

Slip ratio
Slip ratio suspension

Differential pressure

specific density 2 Sp_p w

Absolute wall roughness

Efficiency pump

Bed area/pipe area

Cross sectional averaged concentration

density

Wall shear stress in ascending pipe

Wall shear stress in descending pipe

Area of the inner pipe

Width of the bed surface

Concentration

suspended load concentration close to the bed layer
Wave celerity

Volumetric concentration of ascending vertical pipe
Volumetric concentration of descending vertical pipe
Delivered volumetric solids concentration

spatial volumetric solids concentration

Inner diameter pipe

Particle diameter at 50% in the cumulative distribution
Erosion flux

Darcy—Weisbach friction coefficient

Stepanoft’s factor

Gravitational acceleration

Head

Sediment bed height
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kD

Vbed

Vdl

wo

Ws

Moment of inertia [m*
Wavenumber [-
Length pipeline [m
Richardson and Zaki (1954)/Garside & Al-Dibouni (1977) settling exponent [-
Porosity of the bed layer [-
Pressure [Pa
Slip ratio [-
Reynolds particle number [-
Relative solids concentration [

Mean flow velocity [m s

Mixture velocity [ms™
Solids velocity [ms™!
Hindered settling velocity [ms™
Upward velocity of the bed surface [m st
Deposition limit velocity [m s
Weight [kg
Settling velocity of a single particle [m st
Fall velocity of particles in high concentration [m st
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1. Introduction

Pipeline design is based on empirical steady-state models from pipeline energy losses and energy char-
acteristics of centrifugal pumps. Controlled laboratory conditions determine these characteristics, and
any concentration fluctuations are allowed to attenuate. In slurry transport pipeline design often the
deposition limit velocity vy is used as a lower limit for safe transport. Research on accurately de-
termining the deposition limit velocity is still undergoing. Ensuring these conditions, however, does
not guarantee stability, and varying concentrations could amplify which can result in density wave
amplification.

The research topic of density waves in slurry transport first came to attention at the construction of the
Prins Clausplein highway junction, where the equally named 10 km long Prins Clausplein pipeline was
in operation. This pipeline was 650 mm in diameter and had a total of 3 booster stations, transporting
medium to fine sand. During operation fluctuations in density were observed at the booster stations
where density and flow measurements were taken. Fluctuations in density are typical in slurry transport
due to the dredging process (Matousek, 1996). However, it was unusual that the fluctuations in density
took the form of amplification of density waves. This phenomenon was first investigated by Matousek
(1995, 1996), where the conclusion was made that the effect of amplifying density waves is a product
of the variable slip ratio, see Equation 1.1.

Ry= = (1.1)

Um,

Where v is the velocity of the particles and vy, the velocity of the mixture. By which the slip ratio
increases with increasing slurry density, and therefore the solids flow brings instability into the pipeline,
even when the slurry flow rate is approximately constant.
The conclusion that the amplifying density waves were a product of the slip ratio was later rejected
by Talmon (1999).

@ N 2aUC B %

ot ox Ox
With a 1D mass continuity equation (Figure 1.2) a model was made to investigate the effects of the
slip ratio on the density waves. The first term is the time dependency of the concentration, C. The
second term is the advection of particles by the flow, depended on C, the mixture velocity U and the
integration coefficient «. The third term is the longitudinal dispersion of particles by the flow (with a
diffusion coefficient €). The variable slip was assumed to be a linear function of the local cross-sectional
averaged concentration, which makes the advection term non-linear. Imputing a periodic wave function
for the concentration resulted in sawtooth shape waves relatively fast, which decreased in amplitude
over time (see Figure 1.1a). The conclusion was made that density wave amplification can not be ex-
plained by variable slip, and thus Talmon (1999) refuted the conclusion made by Matousek (1995,1996).

-0 (1.2)
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Figure 1.1: (a): Simulated concentration fluctuations to see the effect of the slip ratio on density
wave amplification (Talmon, 1999), (b): examples of concentration fluctuations during an experiment
(Talmon et al., 2007).

The new hypothesis was that the disequilibrium of erosion and sedimentation, occurring at the inter-
face between the bed layer and the suspended layer is the cause of density wave amplification. At
low concentrations, the sedimentation flux increases with concentration, and at high suspended load
concentrations the sedimentation flux decreases due to hindered settling. This adverse process could
favour density wave amplification due to the net transfer of sand from the bed layer to the suspension
layer. The disequilibrium of erosion and sedimentation was hypothesised as the cause of density wave
amplification using a linear stability analysis of stationary bed conditions, where in section 2.2.1 it is
discussed in more depth. Matousek (2001) re-evaluated the original data of 1981 of the Prins Claus-
plein pipeline and showed that the amplification occurred both in stationary bed regime and sliding
bed regime. Talmon (2002) showed that also the sliding bed regime is caused by the disequilibrium of
erosion and sedimentation using linear stability analysis of wave development conditions.

Talmon et al. (2007) further investigated the phenomena of density wave amplification with a test
loop experiment trying to validate the linear theory described above. During the experiment amplify-
ing density waves were observed and successfully measured. A thin bed layer is sufficient for density
wave development to commence. At low concentrations the limiting velocities for a stationary deposit
and full suspension nearly coincide. At high concentrations corresponding flow velocities differ more
because of a widening of the intermediate regime with sliding patches of grains. As well as in the
linear analysis of sliding abd stationary bed conditions the observation of sawtooth-shaped waves was
also observed in the experiment. According to Talmon (1999, 2002), the cause of the sawtooth-shaped
waves is due to variable slip (see Figure 1.1b). The amplification, however, is explained by the dise-
quilibrium of erosion and sedimentation, due to hindered settling. It is concluded that for amplifying
density waves to occur a bed layer is necessary.
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MatouSek and Krupicka (2013) studied the unsteady flow of solids in a laboratory slurry pipe loop,
with horizontal and vertical sections. Amplifying density waves were observed, wave celerity and wave-
length were estimated from differential pressure signals (DP-signals), torque of the centrifugal pump
and pressure at the outlet of the centrifugal pump (outlet pressure). It was deduced that there were
four waves circulating through the loop, no matter whether the loop was short or long (extended). The
theory of why density wave amplification occurred differed from the previously mentioned theory of
the disequilibrium between erosion and sedimentation. Matousek and Krupicka (2013) argued that the
amplification was due to the unstable slip point of the bed. Meaning that, at low concentrations the
transition between stationary- to sliding bed regime is smooth. However, at high concentration, a large
volume of eroded deposit, and consequently a high hydraulic gradient (p?—gPL), results in an unstable
slip point. This can cause the sediment bed to shake or fully erode, further amplifying density waves.
Also, the theory of restratification effect was mentioned, where above a certain mixture velocity the
flow exhibits a gradual restratification under the further increasing of the mixture velocity (Matousek,
1997). This restratification is the signature of a standing wave in a heterogeneous transport regime.

Further information about restratification can be found in section 2.2.2.

0.2
D
= 0.1 -
$]
0.0 I I I I I I 1
0 500 1000 1500 2000 2500 3000 3500
t[s]

Figure 1.2: An example of a data set recorded in the Freiberg experiment circuit. D = 150mm, d5g =
600 pum,c =0.05,0.1 (de Hoog et al., 2021a).

In 2017 a large-scale experiment was performed by Royal IHC and TU Bergakedemie Freiberg, in
Halsbriicke, Germany. A 150 mm diameter loop was partially constructed in a vertical mine shaft, with
a total vertical length of 242 meters, and 57 meters in horizontal length. During the experiment density
wave amplification was common (see Figure 1.2), and tests had to be ended prematurely due to growing
density waves that lead to excessive power requirements. It is hypothesised that in this circumstance
the cause of density wave amplification was caused by a different process than the sedimentation
erosion imbalance described by Talmon (1999). De Hoog et al. (2021a) explained a different process
with transient accumulation, where the difference in particle velocity between horizontal and vertical
pipelines with similar mixture velocities is thought to contribute to the amplification of density waves.
Again, this process is explained by the slip ratio, and thus is thought again to be playing a role in
density wave amplification. See section 2.2.3 where it is discussed in further depth.

1.1 Problem definition

The topic of density wave amplification has not been researched widely. Experimental data are limited,
and real-world pipeline data are even more scarce. The data that are available are already analysed
and researched. An experimental study into the system dynamics of density waves could therefore be
beneficial to further develop knowledge about density wave amplification. More specific, the influence of
the pump on density wave amplification on long horizontal transport could be investigated, an influence
which has not yet been researched. The Freiberg data (discussed in 2.2.3) and model reveal that the
pump has an instrumental part in the formation of density waves. The pump could therefore possibly
also have an effect on growing density waves with a bed layer present. If the mixture density changes,
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the operating point of the pump shifts, resulting in mixture velocity variations. These mixture velocity
variations can change the bed height if stratified conditions are present or arise. With the formation of
a bed, unstable density wave amplification could develop. Also, the grain size has an important role in
the amplification of density waves, which current research has not investigated extensively. The theory
of the "unstable slip point of the bed causing amplification" by MatouSek and Krupicka (2013) and the
theory of the "imbalance between erosion and sedimentation" by Talmon et al. (2007) are two different
theories explaining amplification of density waves for long horizontal transport. Could both theories
be right, by which grain size is dominate in determining which theory is correct? Therefore there are
two main questions that could be investigated: 1. What effect do grain size and concentration have on
density wave amplification? 2. Could the centrifugal pump play an essential role in the development
and amplification of density waves, which was the case in the Freiberg experiments (de Hoog et al.,
2021b) This thesis focuses on the first research question.

1.2 Research questions

Main-research question thesis:
1. What is the effect of concentration, grain size and mixture velocity on density wave amplification?

Sub-questions thesis:

(a) What system dynamics play a role in amplifying density waves?
(b) What is the influence of the centrifugal pumps on density wave amplification?
Main-research question of the literature study:

2. What is the current state of amplifying density wave research?
Sub-questions literature study:

(a) What is the best design approach for a test loop to further develop knowledge about density
wave amplification?

(b) What is the governing physical process that causes amplifying density waves?
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2.1 Basic slurry transport

In this chapter some of the fundamentals of slurry transport are explained.

2.1.1 Mixture flow

Mixture flow consists of a combination between solids and liquid. Volumetric concentration can be
described by the following equations:

pmUm = psUs + psUs (2.1)

Where p is the density of the mixture, fluid and solids respectively. Considering that U,, = Us + Uy
and C, = g—;, Equation 2.2 derives to the following equation:

=— (2.2)
Ps —Pf

For flowing mixtures the concentration must be further specified because the delivered concentration
may be different than the spatial volumetric concentration (see Equation 2.3 and 2.4).

Coi = 5 (2.3)
Coa = g; (2.4)

Where Qs and @, are the flow rates of the solid and mixture, respectively. Differences in delivered
concentration in mixture flow can be explained by the different flow regimes that occur in slurry trans-
port in a pipeline. These regimes explained by Matousek and Talmon (2021) are visualised in figure 2.1.

2.1.2 Flow regimes

These flow regimes are caused by certain flow transitions, like the critical velocity and the deposition
limit velocity. The critical velocity is described by van der Berg and Stam (2013) as: "the minimum
velocity required for transport of solid material through a pipeline without any particle deposition".
The critical velocity should not be confused with the deposition limit velocity defined by Wilson et al.
(2006). Where it is defined as the transitional velocity when a stationary bed occurs.
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Basic slurry transport
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Figure 2.1: Different mixture flow regimes (Miedema, 2019).

Homogeneous flow

Fully homogeneous flow occurs with non-Newtonian mixtures like clay, silt and coal-ash mixtures in
high concentrations. Also with sand homogeneous flow can occur at very high mixture velocities. Tur-
bulent flux dominates the flow with respect to deposition processes.

Heterogeneous flow with full suspension

With coarse silts or fine sand mixtures, heterogeneous flow can occur, and velocities need to be sig-
nificantly higher than the deposition limit velocity. Particles are not fully suspended, and higher

concentrations occur near the bottom of the pipe.
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Heterogeneous flow with rolling saltation

Stratified conditions are developing. A combination of creep, saltation and a full suspension occurs.
This creates dynamic dunes moving at the bottom of the pipe. There is enough turbulence to suspend
some of the smaller particles.

Sliding bed

Fully stratified flow occurs, mixture velocity is below the critical velocity and the sliding bed phenom-
ena occurs. The large majority of the concentration moves in the bed, and the very fine particles are
in suspension depending on particle size distribution (PSD).

Fixed bed

Flow is below the deposition limit velocity, which causes the majority of the particles to settle. There
is not enough shear stress caused by the flow for a sliding bed. Depending on the particle distribution
very fine particles could still be in suspension.

2.1.3 Settling velocity

In slurry transport sediments are transported in water, the mixture of sediment and water consists of
small suspended particles. These single particles have a settling velocity (see equation 2.5) that depend
on local conditions like particle size, specific density and viscosity.

4Aqgd
_, /22gd 2.5
wo 30, (2:5)

Where A is the specific density, g the gravitational acceleration, d the particle diameter and Cy the
drag coefficient which is dependent on the particle Reynolds number.

24
Re,<1——Cyq=——
Re,
24 3
1< Re, <2000 — Cy= ——+ +0.34 (2.6)

Rep \ /Rep

Rep, > 2000 —— Cyg = 0.4

When the concentration of a mixture is very high, the settling velocity of a single particle is reduced.
This is due to the displacement of water flowing up as the particles move down, thus increasing drag
on the nearby particles. This hindered settling velocity is can be described with the following equation
(Richardson & Zaki, 1954):

ws =wp(1l-C)" (2.7)
4.7+ 0.41Re)™
" T 0175RY

Where exponent 7 in Equation 2.7 is a function of the particle Reynolds number, defined as: Re,, =
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Basic slurry transport
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Figure 2.2: Schematic cross section of the two-layer model (Matousek & Talmon, 2021).

The different flow regimes that are discussed where stratified or partially stratified conditions are
present are frequently modelled by a simplified two-layer model. Originally the model comes from
Wilson (1992). In this model fully stratified and partially stratified flows are modelled (see Figure
2.3). For fully stratified conditions there is a particle-free layer and a contact layer (bed layer). For
partially stratified conditions there is a suspended layer and a contact layer (bed layer). Some important
assumptions made by the model is that the suspended particles have no contact with other particles
and flow boundaries. Furthermore, the velocity distribution is simplified to a uniform flow for both
layers. There are two physical mechanisms for solids flowing through a pipeline, interparticle contact
(bed layer), and particle suspension in the carrying liquid (Matousek & Talmon, 2021). The force
balance between the two layers (driving and resisting forces) governs the behaviour of the flow.

Figure 2.3: Schematic cross section of the two-layer model (Matousek & Talmon, 2021).
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Mathematical formulation of the two-layer model

The two-layer model consists of conservation of mass and momentum equations for both layers. The
mass balance brings the following equation:

VmA = ViAl + V2A2 (29)

Where V is the velocity, and A the inner area of the of the pipe, depending on the subscripts explained
in Figure 2.2 and 2.3. The momentum balance for the two layers is different depending on the suspended
or bed layer. For the suspended layer the momentum balance is:

APAl = 7101L+7'12012L (210)

Where O is the circumference, L the length of the pipe and 7 the Coulombic interparticle shear stress
between the suspension and the bed. The bed layer has the following momentum equation:

APA2+7'12012L= (T2f+7'25)02L (211)

Here the notable difference between the two momentum equations is that the bed layer has shear stress
that describes the mechanical friction between the wall and the particles (725). Both layers have shear
stress terms that describe the viscous shear stress at the flow boundaries (71, 7 and 795). Combining
Equation 2.10 and 2.11 gives the force balance for the whole pipeline section:

APA:7101L+(72f+7'23)02L (212)

Figure 2.2 and 2.3 gives an schematic view of the variables and used subscripts of Equations 2.9, 2.10,
2.11 and 2.12.

2.2 Literature of density wave amplification

There are three scientists that have the biggest contribution towards density wave amplification re-
search: Prof. dr. Ir. Vaclav Matougek, dr. Ir. Arno Talmon, and Ir. Edwin de Hoog. These main
research contributions are summarised in this chapter.

2.2.1 Prins Clausplein pipeline

With the construction of the highway intersection Prins Clausplein in 1981 near The Hague sand-
water slurry was transported in an equally named Prins Clausplein pipeline. The 10 km long pipeline,
with 650 mm diameter transported medium to fine sand. Using a cutter suction dredger and three
additional booster pump stations sand was transported through the pipeline. The density was measured
at the cutter suction dredge, and at two additional booster stations (1,886m, Jagerplas and 6538m,
Duinjager). Matousek (1996) first investigated the occurrence of density waves that were measured,
see Figure 2.4.
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Figure 2.4: Density waves measured along DN650 pipeline (11/02/81 13:00-18:00), first graph: mea-
sured mixture velocity, other graphs are mixture density measurements (Matousek, 1996).

The figures are shifted in time to visualise the development of the density waves. It can be seen that
between 14:30 and 15:30 a low-density mixture enters the pipe, and is relocated to other parts of the
flow. At Duinjager the same flow consists almost only of water. The mixture accumulates in density
waves, where peaks of 1000 kg/m? and 1500 kg/m? are measured (the limit of the density meter). The
deposition limit velocity was not determined during operation, however later it was determined by
Matousek (2001) to be just above the deposition limit velocity. Matousek (1996) made the conclusion
that density wave amplification was caused by the variation of axial slip. At high mixture velocities,
the variation of axial slip becomes smaller comparatively than at low mixture velocities. This was later
refuted by Talmon (1999) with the use of the Burgers equation (see Equation 2.13).

ac . daUC 9e%

ot ox ox
where « is the slip ratio. Talmon (1999,2007) proved that with Equation 2.13 the linear and non-
linear model of the slip ratio always leads to decreasing sawtooth-shaped waves. It is however assumed
that the mixture velocity is based on the average velocity of all the particles in the mixture. In spe-
cific circumstances (dominant advection) small particles overtake larger particles which could result in
amplifying density waves. However in natural sediments advection does not dominate the transport
process over axial dispersion, and thus the effect of density wave amplification or plug forming due to
difference in mixture velocity does not occur (van Wijk et al., 2015).

-0 (2.13)

Talmon (1999) argued that the variable slip is not unique to pipeline transport. And that it also occurs
in open channel flow, flow in rivers and in estuaries, but at much lower sand concentrations levels. In
these situations, the amplification in concentration occurs through the disequilibrium of erosion and
sedimentation (Talmon, 1992), and not variable slip. Talmon (1999) further validates his hypothesis
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by using a mass continuity equation for the suspended load.

AT 9o, AUC _0AG

—w.Cy + Eorap — 00egCy) B 9.14

5 o o + (—wsCyp + b= VbedCh) (2.14)
wsCh — Eeop

= LG Ber 2.15

Ubed 1-ng-Cy ( )

Where o is the slip ratio of the suspension, Cj the suspended load concentration near the bed layer, B
the width of the bed surface, E., ., the erosion flux of the bed, E,, the erosion due to turbulence and n0
the porosity of the bed. Equation 2.15 calculates the vertical velocity of the bed. The sedimentation
and erosion flux are linearly approximated, resulting in a linear approximation of the vertical velocity
of the bed surface. The mass continuity Equation 2.14 also gets linearised. In the numerical solution,
the calculated wave complex celerities are displayed as a function of the dimensionless wavenumber,
see Figure 2.5. It can be seen that with a dimensionless wavenumber of 0.006 amplification is the
largest, which results in a wavelength of 640 meters. This is comparable to the field data presented by
Matousek (1996), further confirming the hypotheses of the disequilibrium that exists between erosion
and sedimentation causing density wave amplification.

Figure 2.5: Complex celerities of density waves as a function of the wavenumber (Talmon, 1999).

Interestingly Matousek (2001) states that the influence of the pump performance has been observed
to be negligible according to the data analysis of the Prins Clausplein pipeline.

2.2.2 Laboratory Loops

There are three laboratory loops made with published articles that researched amplifying density waves.
Talmon et al. (2007), Matousek & Krupicka (2013), de Hoog et al. (2021b). Van Wijk et al. (2022)
and van Wijk et al. (2015) also made two laboratory loops, however, density wave amplification was
not the main research focus. Furthermore, the research was primarily about manganese nodules and
vertical transport which is only partly applicable to this research, see section 2.2.3 for more information
on vertical transport.

A.M. Talmon laboratory loop

Talmon et al. (2007) used a horizontal loop, with several pressure meters, a radioactive density meter
and a flow meter (see Figure 2.6). The laboratory circuit had a diameter of 100 mm and a total length
of 52 meters. Sand of dsyp = 200 pwm and dgs/dsp = 1.9 was used. Several perplex observation sections
were made to observe the bed on the bottom of the pipe, and its character (stationary or sliding).
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Figure 2.6: Sketch of the laboratory circuit, not to scale (Talmon et al., 2007).

Mean solids concentrations of [14,18,25,30] percent volumetric concentration were first tested with a
flow velocity of U = 0.5-6 m/s, by stepwise increasing pump rpm. This was done to determine the flow
resistance and identify the transition of flow characteristics, like full suspension transition. Critical
flow velocity for density wave development was also determined (see Table 2.1). Notice that the flow
rate at which incipient density waves form is lower than the flow rate at which there is a bed present.
In long horizontal configurations, density wave amplification can only occur if there is a bed present.

Table 2.1: Characteristic flow velocities of the laboratory loop used in Talmon et al. (2007).

Incipient density wave Transition: stationary bed layer/thin Full  suspen-
development U, (m/s) layer of sliding grains U (m/s) sion U(m/s)
14v% 1.93 2.04 2.14
18v% 1.81 2.01 2.21
25v% 1.6 2.01 2.27
30v% 1.25 1.86 2.25

When flow velocity was near the point of incipient instability, small amplitude harmonic density vari-
ations developed into larger amplitude sawtooth-shaped density waves. These sawtooth-shaped waves
were predicted by Talmon (1999), and are caused by variable slip (the shape of it, not amplification).
Wave periods observed had a period equal to the circulation time of the flow. Bed height was observed
to vary with the passage of a density wave. At the approach of a density wave the bed height increases
and at the passage the bed height decreases. Interestingly it is stated that the pressure variations over
the pump are small, and wave celerity has been observed to be lower than the mixture velocity (50-95%).

At low concentrations the limiting velocities for a stationary deposit and "full suspension” nearly co-
incide. At the highest concentrations corresponding flow velocities differ more, because of a widening
of the intermediate regime with sliding patches of grains (Talmon et al., 2007). The development of
density waves is caused by the adverse relation between settling flux and solids concentration including
the presence of a sliding/stationary bed layer.

Matousek 2013 laboratory loop

The loop used in MatouSek and Krupicka (2013) was comparable in length (52 meters length and
100 mm diameter) with the previous loop of Talmon et al. (2007), and could be extended with an
additional 41 meters. Overall the loop is more complex with a combination of vertical, horizontal and
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inclinable sections (see Figure 2.7). Ballotini with dig = 0.45 mm, dso = 0.53 mm and dg4 = 0.6 mm
with specific gravity of Ss = 2.46 was used as a sediment.
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Figure 2.7: Schematic sketch of the laboratory loop (Matousek & Krupicka, 2013).

The hydraulic gradient was measured using the different pressure sensors (see Figure 2.7 and 2.8).
The development of the hydraulic gradient for DP2 is rather different than that of DP4. Matousek
calls it the restratification effect. Where normally one expects that an increase in mixture velocity
results in a decrease of stratification, but with certain mixture velocities an increase in flow exhibits
gradual restratification (Matousek, 1997). This theory of restratification was later further investigated
by Talmon et al. (2019) and it was concluded that the restratification effect appears when internal
structure and fluid pressures are measured close to a disturbance such as a bend.
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Figure 2.8: Measured hydraulic gradient of DP4 (left) and DP2 (right) (Matousek & Krupicka, 2013).

From the tests performed it was deduced that there were four density waves circulating through the
loop, and extending the loop did not have any effect on the number of waves present. The wave celerity
was estimated from the DP-signals, torque of the pump, and outlet pressure. In vertical sections the
wave celerity was approximately the same as the mixture velocity (¢ » v,,) while at horizontal pipe
sections ¢ ~ 1.3 m/s and v,, = 0.83 m/s, due to the presence of deposits below the discharge area
(Matousek & Krupicka, 2013). Using fast Fourier transform the periodicity of the waves in the loop
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was determined (12.5 seconds and 21.5 seconds for the extended loop). With the combination of wave
celerity and periodicity, the number of waves could be determined. At some velocities, a passing wave
caused a local sliding bed. As to why there was amplification of density waves MatouSek argued that
the amplification was due to the unstable slip point of the bed, where higher concentrations erode the
bed.

It is remarkable that the wave celerity deduced is higher than the mixture velocity flowing in the pipe
system. Also four waves in one loop are higher than what was observed in Talmon et al. (2007). In
section 2.3 these phenomena are discussed in more detail.

It is concluded that strong density waves developed near the deposition limit velocity. The number of

waves appeared to be independent of the length of the loop. And that it is unclear where the waves
were generated.

De Hoog 2021 laboratory loop

De Hoog et al. (2021b) conducted a flow loop test with larger particles compared with the other
laboratory loops discussed. The diameter of the pipe was also 100 mm. Maximum flow loop length
was 26.7 meters, and two different gravels were tested, dsg = 6.3 mm and dsg = 12 mm. Deposition
limit velocity for horizontal pipe orientation for both gravels were determined to be 0.75 m/s and 1.28
m/s respectively. Deposits were detected in the lower part of the s-bend (see the red ellipse in Figure
2.9) at 1.9-1.8 m/s. This means that the lower bend of the s-bend dictates the deposition limit velocity
for the entire system.

With the small gravel, density wave ampli-

fication occurred above its horizontal depo- sCongalpuny s

sition limit velocity of 0.75 m/s. The wave- e mpe T

length was observed to be the entire length A

of the system. Density wave growth was

however significantly lower than observed

by Talmon et al. (2007), this can be ex-

plained by the presence of vertical pipe sec-

tions where deposits cannot settle. Half the

loop consists of these vertical sections where

density waves cannot amplify. At high mix-

ture velocity, density wave amplification is

hardly noticeable, but over a long time span

it can be seen that amplification occurs, see

Figure 2.10(d). At lower mixture velocities,

amplification is more apparent, see 2.10(b). Figure 2.9: Sketch of the laboratory loop used by de
Axial dispersion is low for gravels in vertical Hoog (de Hoog et al., 2021b).

pipes (van Wijk et al. 2014), with fine sands

axial dispersion can cause smoothing which could create damping effects. Again as observed by Talmon
et al. (2007) wave crests of density waves eroded deposits, and grew again in the passing tail. This
"caterpillar wave’ behaviour substantiates the erosion and sedimentation imbalance theory. Above an
average mixture velocity of 2.2 m/s there was no density wave amplification because there was no bed
present. De Hoog et al. (2021b) confirmed that the stability of the system is directly related to the
deposition limit velocity, and if there is even a small local deposit in the system, stability could be
compromised due to growing density waves.
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Figure 2.10: Density wave amplification in de Hoog et al. (2021b): (a) density wave growth: low
mixture velocity over time, dso = 6.3 mm; (b) density wave growth (low mixture velocity): concentra-
tion over time, dso= 6.3 mm; (c) density wave growth: high mixture velocity over time, dsp= 6.3 mm;
and (d) density wave growth (high mixture velocity): concentration over time, dsp= 6.3 mm (de Hoog
et al., 2021b).

2.2.3 Freiberg loop

Leew £ )
1y [ Ppres w Prac Top side equipment:
Lo 1702 APpiinp pump, injection and

Npump separation container.
1 p01 Bpump
T p02
1 p03
1 po4 Vertical mineshaft:
{ pos riser- , downgoer pipe

and inspection g

P06 platforms. 2
1 007 A
1 r08
T p09
1+ 10
Tril +p14

yp12 - p13
Om N

(@) (b)

Figure 2.11: (a): A schematic overview with sensors, flow direction is clockwise; (b): detailed
illustration with topside equipment (de Hoog et al., 2021a).

For the development of vertical transport technology to be used in deep-sea mining applications a long
vertical transport system was designed and built in an old mine shaft in Halsbriicke, Germany (see
Figure 2.9(a),(b)). The 297 meter (150 mm diameter) long vertical pipeline system had a 121 meter
vertical downgoer and riser. Connected by 57 meter horizontal pipes at the top of the loop. Two sedi-
ments were used, dso = 0.6 mm sand and dsp = 11.2 mm gravel. concentrations were 5%, 10% and 15%.
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During testing density wave amplification was a common occurrence. At higher concentrations the
system required too much power from the pump drive and therefore tests had to be ended prematurely,
due to density wave growth (see Figure 2.12(b)). The aim of the test was to acquire data at several
constant mixture velocities by varying the rpm of the pump at intervals. However with a constant
rpm, the mixture velocities still fluctuated as density waves kept growing with each circulation through
the loop. The sand tested was stable at 5% and high velocity, however when the concentration was
increased to 10% density wave amplification commenced (see Figure 2.12(d)). The alarming aspect of
these density waves in the Freiberg system was that the mixture velocity was far above the deposit
limit velocity and critical velocity. Whereas in the other experiments density wave amplification stops
above the critical velocity and thus suggests another process was causing density wave amplification.
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Figure 2.12: (a): Mixture velocity and pump revolutions over time, dsp = 11.2 mm; (b): delivered
concentration over time (bottom of the loop), dsg = 11.2 mm; (¢): mixture velocity and pump revolu-
tions over time, dsg = 600 pm; (d): delivered concentration over time (bottom of the loop), dso = 600
pum; (de Hoog et al., 2021a).

This different process causing density wave amplification is the 'transient accumulation’ theory. This
theory is currently still a hypothesis and where again the burgers equation is used (see Equation 2.13).

The continuity equation simplifies to the following equation:
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Low diffusion and temporal steady-state

Particle velocity is different depending on pipe orientation, for horizontal pipe orientation the slip
ratio model of Sobota and Kril (1992) is used. For vertical pipe orientation is modeled according to

Richardson & Zaki (1954):

Vs = U — wis (1= C)" (2.17)

Where wy; is the terminal settling velocity of a single particle, and n is the Richardson & Zaki (1954)
settling exponent. For illustrative purposes n and wys are modeled according to Garside & Al-Dibouni
(1977) and Ferguson & Church (2004) respectively (de Hoog et al., 2021a).
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Figure 2.13: (a): Slip ratio over mixture velocity for horizontal and vertical pipe orientation. D =
150 mm and dzp = 600 um (de Hoog et al., 2021a).

To understand Figure 2.13, assume the mixture velocity is steady in time, and all density variations
are damped, except for the density wave. The density wave flows from the riser to the horizontal pipe,
resulting in a particle decrease (see a — b). When particle velocity decreases the continuity equation
(see Equation 2.16) imposes that concentration increases. This concentration increase is only temporal
because when flow travels in the vertical riser again concentration will decrease. The essential part to
understand density wave amplification as observed in Freiberg is that the mixture velocity will increase
if the density wave flows out of the riser and into the horizontally orientated pipe. The centrifugal
pump does not create a constant mixture velocity, even if the revolutions of the pump are constant.
When the density wave flows from the riser into the horizontal pipe, the load of the pump decreases,
due to the decreasing hydrostatic gradient (de Hoog et al., 2021a). This will cause the particle velocity
to go from a — b — c¢. When the flow travels from the horizontal pipe to the vertically oriented
pipe, particle velocity will go from ¢ — d, which consequently is a part of the increased concentration

remains (de Hoog et al., 2021a).
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2.3 Discussion on density wave amplification research

In this part of the section, a critical review is given of the literature that was assessed in sections
2.2.1 - 2.2.3. Contradictions within the literature are analysed and discussed. All together this sec-
tion focuses the main research question of the literature study as well as literature research question 2b.

Matousek (2001)

Firstly Matousek (2001) directly states that: ’from analysis of MeaVli pumps data the influence of a
pump performance on density wave transformation has been observed to be negligible’. This statement
directly contradicts the hypothesis that the centrifugal pump plays a role in density wave amplifica-
tion. The new research theory: ’transient accumulation theory’ of de Hoog et al. (2021a,2021b) is
based upon the principle that the density wave affects the performance of the pump. Also, van Wijk
et al. (2022) state that a batch (density wave) that moves downward helps the pump accelerate the
entire mixture. Furthermore van Wijk et al. (2022) state that certain circumstances causes the pump
to attenuate or increase peak concentration. In specific sand with a Stokes number smaller than 1,
attenuation of the concentration peaks was measured over the pump section. And gravel with a Stokes
number larger than 1 a growth in concentration was measured over the pump section. Both research
of de Hoog et al. (2021a,2021b) and van Wijk et al. (2022) are based upon a combination of vertical
and horizontal transport while the Prins Clausplein pipeline discussed by Matousek (2001) is based
on purely horizontal transport. Furthermore it is known that when the density of a mixture increases,
more frictional losses occur in the centrifugal pump, and mixture velocity decreases (Wilson et al.,
2006). When mixture velocity decreases, a bed layer could grow or form, and it is known that density
wave amplification cannot occur without a bed present when considering horizontal transport (Talmon
et al., 2007).

If the flow rate is close to the critical velocity (which was the case with the Prins Clausplein pipeline), a
mixture concentration disturbance could cause the pump to temporally decrease mixture velocity and
make density wave amplification possible. This decrease in mixture velocity depends on the working
point of the centrifugal pump. Figure 2.14a & 2.14b are based on a closed loop system and are great
examples of what happens when a density wave flows through a centrifugal pump. The constant rpm
curve leads to a constant torque curve. When a density wave flows through the centrifugal pump, the
constant torque curve will shift according to Stepanoff’s approximation (added frictional resistance in
the pump due to sediments). which results in a lower rpm.

P,
fe=1=Cuq*(0.8+0.6 *log(dsg) = % « 2L

man, f Pm

(2.18)

Where C,q is the delivered concentration, dsg the corresponding particle size when the cumulative
percentage reaches 50 percent, Pqn m the pressure difference caused by the pump using a mixture and
Ppan,s the pressure difference caused by the pump using water. The mixture resistance curve will not
shift significantly in a flow loop, because a local change in density does not change the density over
the whole system. In open end-to-end slurry transport, however, the mixture resistance curve could
change. When suddenly high-density waves appear, the frictional resistance increases which leads to an
increase in the resistance curve and makes it more narrow. In Figure 2.14a the working point is still far
from the maximum power the pump can provide (point 1). So when a density wave passes through the
centrifugal pump, the pressure of the pump will increase. This increase in pressure shifts the working
point resulting in a temporarily higher mixture velocity (point 2). In figure 2.14b the working point is
close to the maximum power the centrifugal pump can provide (point 3). When a density wave flows
through the centrifugal pump the new working point (point 4) will shift to a constant torque line. The
pump pressure will decrease, resulting in a temporarily lower mixture velocity.
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Figure 2.14: (a): Modelled constant rpm curve to constant torque curve with Stepanoff’s correction
and a stable working point (b): Modelled constant rpm curve to constant torque curve with Stepanoft’s
correction and an unstable working point.

It is important to distinguish between the ’erosion sedimentation imbalance’ and the ’transient ac-
cumulation’ theory. In Freiberg the mixture velocity was far above the deposit limit velocity, and
thus no bed layer was present, still density wave amplification occurred. Personal communication with
Prof. dr. ing. V. Matousek verified that there was no extensive research done on the influence of the
centrifugal pump on density wave amplification.

Matousek (2013)

Matousek and Krupicka (2013) stated that in the horizontal sections of the test loop (see Figure 2.7)
the wave celerity and mixture velocity, ¢ = 1.3 m/s and v,,, = 0.83 m/s was respectively. And that the
wave celerity at the vertical sections the same was as the mixture velocity. It seems unusual that the
wave celerity is higher than the mixture velocity, furthermore other research does not seem to replicate
this behaviour. Talmon et al. (2007) measured a wave celerity of 50-95% of the mean flow velocity
depending on concentration. Personal communication with MatouSek brought a possible explanation
for this unusually high wave celerity. It is probably due to the way the mixture velocity and the wave
celerity are measured. In vertical sections the wave celerity was the same as the mixture velocity, while
in horizontal sections it was higher, this could be due to the bed layer. When a stationary bed is
present, and mixture velocity is measured the mixture velocity is relatively lower due to the bed that
is stationary. When a density wave passes, the bed starts sliding. Thus resulting in relatively higher
wave celerity compared to the mixture velocity.

What is also unusual is the number of waves present in the loop, which is four. Currently, all the
density waves measured in test loops measure a wavelength about the same length as the loop. Tal-
mon et al. (2007) had a loop length of 52 meters, with a corresponding wavelength. This is because
the largest wave is most amplified, while the smaller size waves are attenuated. MatousSek measured 4
waves, with a loop length of also 52 meters that could extend with an additional 41 meters. Including
the extension had no effect on the number of waves. With the combinations of pressure sensors and
torque of the pump Matousek and Krupicka (2013) deduced the wave celerity and periodicity with fast
Fourier transfer. With the combination of periodicity and wave celerity one can derive the length of
the wave. The only notable differences in the loop used by Matousek and Talmon is the loop length,
presence of vertical sections, and material used as sediment (ballotini B8 vs 200um sand). Van Wijk
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et al. (2022) showed that grain size affects peak concentration, and de Hoog et al. (2021a,2021b,2022)
introduced the transient accumulation theory caused by vertical sections in a loop. The transient
accumulation theory does not explain the measured 4 waves, there could be an additional effect not
previously thought of like effects of grain size distribution.

Miedema (2003)

Miedema et al. (2003) wrote an article about the numerical simulation of density wave amplification. A
2-D mass exchange model is used for the calculation of the exchange between the bed and the suspended
layer. What is surprising about figure 2.15 is that in front of the density wave the concentration is
lower than behind the density wave. It is known that density wave amplification can only occur with
a bed present, where it can take material to grow, thus leaving less concentration behind. This could
possibly be a numerical mass balance error, however it is still interesting that the larger density peaks
grow in concentration, while smaller peaks get attenuated.
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Figure 2.15: Deformation of density waves observed at the inlet, 500 meters behind the inlet and
800 meter behind the inlet (Miedema et al., 2003).

Outside Technical University of Delft & Prague institute of hydrodynamics

Outside the Technical University of Delft, there is not much attention given to this research topic.
One notable article is from Samson and Biello (2017). Here longitudinal instability of slurry pipeline
flow was investigated. There it is described that pipelines with a long range may exhibit surprising
behaviour and that in certain situations concentration gradients may give rise to local plugs, containing
anomalously high solids densities. And rather than dissolving with time as a result of turbulent mixing,
such plugs self-amplify and become denser over time (Samson & Biello, 2017). This description from
R. Samson and J.A. Biello describes the amplification of density waves. Also identified by Samson
and Biello (2017) is that these 'plug formations’ can be activated by accidental shutdowns causing
massive demixing and sedimentation to settle. This also corresponds to the conclusions of Matousek
and Krupicka (2013), Talmon et al. (2007) and de Hoog et al. (2021a,2021b) that amplifying density
waves only occur when a bed layer is present (for horizontal transport). Although the description of
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the phenomena is accurate, their model could only provide a maximal increase in solids concentrations
of a couple of volume per cent. Not sufficient enough to model a growing density wave. The article
does however note that plug growth is dictated by the coarsest particles, and that accumulation time is
shorter with coarser slurries. Which again hints to the importance of grain size distribution to density
wave amplification.

2.4 Measuring principles

For a flow loop different parameters can be measured: flow rate, density, pressure, concentration
distribution, pump power and pump revolutions are parameters that could be interesting to measure.
Different measuring techniques can be used to determine certain parameters, density measurements
are especially challenging.

2.4.1 Pressure measurements

Pressure sensors are relatively inexpensive, easy to install and have an error of +0.5%. There are
absolute and differential pressure sensors available. Differential pressure sensors can be used to derive
the density of a mixture (see Figure 2.16). The inlet and outlet pressure of the pump can be measured
by absolute pressure sensors, additionally a differential pressure sensor can be placed at the pump to
more accurately measure relative changes in pressure.

2.4.2 Concentration measurements

Accurate measurements of the mixture concentration or density are essential to understanding slurry
transport. Different concentration or density measurement techniques are available with all having their
own advantages and disadvantages. This section aims for the understanding of the basic principles of
these measuring techniques, and to have a complete overview of the available options when considering
concentration/density measurement techniques.

Delivered concentration measurement with U-loop

With an U-loop the C; (average in situ volumetric solids concentration) can be calculated (see Equation
2.19), note that this is not C,q (the delivered volumetric solids concentration). Although C,; is usually
very close to Cyq, they are not identical (Wilson et al., 2006). The magnitude of the fractional difference
between C,; and Clyg is generally less than (%)2 A reasonable assumption made by Equation 2.19 is:
7o =, = 7 (Clift & Clift, 1981). This assumption should be carefully considered when encountering
density waves in the U-loop, due to the transient nature of the flow. The disadvantage of the U-loop is
that it measures spatially averaged concentrations, not local concentrations. Also it contains vertical

sections, which could influence the amplification of density waves.

- CoatCop 11 [ (p1=p2)+(pa—ps)
" 2 2 ps—ps gz

Where p; — p2 is the pressure drop of the riser, ps — ps the pressure drop of the downgoer and z the

length between the measured pressure drop.

-2%py (2.19)
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Figure 2.16: Profile of U-loop (schematic); ascending pipe: A; descending pipe: B.

Conductivity Concentration Meter - CCM

The electrical conductivity of a fluid containing suspended particles depends on the conductivity of
the fluid and the volume fraction of the suspended particles (van Wijk & Blok, 2015). It is possible
to measure the electrical conductance or resistance of a mixture and deduce volume fractions. The
conductivity concentration meter, short for CCM, can measure local concentrations, is known for its
quick response time and are flexible to integrate into different test setups (van Wijk et al., 2022).
Conductivity electrodes made of inert materials like platinum are used, where multiple electrodes are
oriented face-to-face in a pipe section. CCM’s are highly dependent on temperature and salinity. With
a closed loop test setup difficulties may arise when considering temperature, during a closed loop long
duration test the temperature of the mixture will steadily rise and affect the output of the CCM.
Salts present in the sediment are also highly undesirable, these salts can dissolve over time and affect
measuring data. Washing sediments before use could be done to prevent salts from affecting measuring
results. Although CCM’s can measure concentrations locally and quickly, they need to be calibrated
extensively and changing the water after each test is highly recommended by van Wijk et al. (2022).
Van Wijk et al. (2022) wrote an extensive guide on how to calibrate the CCM for experimental flow
loop purposes.

ERT systems (electrical resistivity tomography) are based on the same principles as CCM’s, although
ERT’s are used to map 2D cross-sections of the concentration. Errors are expected to be between
0-25% . It is typical that an increase in concentration leads to an increase in error (van Wijk et al.,
2022).

Page 32



3. Methodology

This section gives an overview of the research methodology used for the experimentation. During the
literature study a flow loop design has been made, which is visible in Figure 3.1 on page 34, With
this flow loop experimentations will be carried out. A method for accurate and reliable determination
of sensor data is important, to ensure acceptable results. These so called pre-tests are summarised
in Section 3.3. Furthermore, before experimentation a stepwise plan is made to ensure the tests are
performed in the same repeatable manner (Section 3.2). During experimentation a logbook with
notations about the experiment like conditions, conspicuity, duration and goals are noted.

3.1 Experimental setup
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