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Abstract

Ships maneuvering in low bed clearance conditions induce sediment scour due to
the high speed jet generated by a rotating propeller. Sediment scour is known to
cause instability to quay structures, damage to the bed protection and may create
huge accretion areas reaching extremely low depths, preventing the free passage of
large ships. This on-going problem is linked to the constant increase in commercial
ship sizes and is widely recognized in current harbor management guidelines.

This thesis presents in the first place the experimental work carried out to study
the effects of two common propeller systems over the sediment bed: single and twin
propellers. Next, the analysis of a case study is used to evaluate the impact of ship
maneuvers over the seabed in a particular harbor basin.

The first part of the thesis presents a set of experiments in propeller jet velocity
and bed shear stresses. By measurements performed in a point-by-point grid, with a
Pitot-static tube coupled to differential pressure sensors, the axial velocity distribu-
tion at the so-called efflux plane is characterized. After that, direct measurements of
bed shear stress are performed at several speeds of rotation and two bed-clearance
distances with a shear plate. Velocity and bed shear stress measurements are related
by an empirical friction coefficient, which is dependent on the bed clearance. A new
empirical model is presented to estimate the mean shear stress in case of unconfined
ship propeller jets in low bed clearance conditions.

The second part of this work shows the results of a new set of experiments in lo-
cal scour due to confined twin propeller jets. The maximum scour depth is studied
as a function of the bed clearance, the wall clearance and the efflux velocity of the
jet. Aiming to reproduce more realistic maneuvers, scour due to forward and back-
ward rotation of the propellers is analyzed, showing a different behavior compared
to the traditional experiments with only forward rotation. The obtained results are
compared to the existing formulae and later used to propose two different empirical
models, one for each regime of rotation. A new non-dimensional parameter ob-
tained from the Buckingham 7t analysis, proposed as Wall Froude number, is used
to find a threshold triggering the scouring mechanism. The experimental results
show that the distance to the vertical wall is the main contributor to the higher scour
depths rather than the bed clearance.
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The last part of the thesis presents a case study that is used to relate the maneu-
vers of the ship with the scour observed in an inner basin of the port. The study ship
characteristics are obtained from the port statistics. The morphological evolution
of the seabed is analyzed through hydrographic surveys of the last decade, which
allows characterizing the erosion pattern. Through AIS data, the maneuver of the
study ship is analyzed and used as an input maneuver in a simulator. The maneu-
ver is reproduced to obtain the behavior of the main engines and bow thrusters. The
maneuvering pattern and the behavior of the engines are used to assess the most
damaging maneuvering sections, which turns out to be the ship’s lateral approach
to the berth, during the arrival maneuver, and the early stages of the departure ma-
neuver.
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Resum

Els vaixells que maniobren en condicions de calat reduit poden provocar erosi6 lo-
cal del llit de sediments a causa del raig d’aigua d’alta velocitat generat per les helix.
L’erosi6 causa inestabilitat en les estructures dels molls, danys a la protecci6 del llit
i pot crear grans arees d’acreci6, posant en risc la seguretat en la navegacié. Aquest
fendomen esta relacionat en gran mesura amb 1’augment de les dimensions dels vaix-
ells comercials en les darreres decades i és ampliament reconegut en les guies actuals
de gesti6 portuaria.

Aquesta tesi presenta, en primer lloc, el treball experimental realitzat per estu-
diar els efectes erosius provocats per dos dels sistemes de propulsié6 més comuns:
helix convencional i sistema de doble heélix. A continuacid, s’utilitza ’analisi d’un
cas practic per avaluar I'impacte de les maniobres dels vaixells sobre el fons marf en
una darsena portuaria concreta.

A la primera part de la tesi es presenten i s’analitzen un conjunt de mesures ex-
perimentals de velocitat del flux d’aigua a la sortida de 1'hélix i de tensions de tall
sobre un llit horitzontal. La distribucié de velocitats axials es caracteritza a partir
de mesures puntuals preses amb un sistema de tub de Pitot-estatic acoblat a sensors
de pressi6 diferencial. Posteriorment es realitzen mesures directes de les tensions de
tall al llit amb una placa de tensions (shear plate) a tres velocitats de rotacié de I'helix
i dues distancies verticals sobre el llit. Les mesures de la velocitat i la tensi6 de tall
es relacionen amb un coeficient de fricci6 empiric que és dependent de la distancia
al llit.

A la segona part d’aquest treball es presenta un nou conjunt d’experiments en
erosio local per sistemes de doble helix confinats. La profunditat maxima d’erosi6
s’estudia en funci6 de la distancia al sol, la distancia a la paret i la velocitat de sortida
del raig d’aigua. Amb l'objectiu de reproduir maniobres de vaixells en entorns por-
tuaris, s’analitza 1'erosi6 generada pels sistemes de doble helix en régim combinat,
és a dir, avant i invertit. Els resultats mostren diferéncies respecte els experiments
tradicionals en que només es considera la rotacié avant. Per estimar I'evolucié tem-
poral de la maxima profunditat d’erosi6 es proposen dos models empirics, un per
a cada regim de rotacié. De l’analisi de 7t de Buckingham s’obté un nou parametre
adimensional que, proposat com a nombre de Froude del mur, permet establir un

llindar d’erosié. Els resultats experimentals també mostren que la distancia al mur
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vertical esta més relacionada amb les majors profunditats d’erosié que amb la dis-
tancia al sol.

La darrera part de la tesi presenta un cas d’estudi en que les maniobres del vaixell
es relacionen amb els canvis en la morfologia portuaria observada al llarg del temps.
El vaixell d’estudi s’obté a partir de les estadistiques d’ts de les darsenes portuaries.
L’evoluci6é morfologica del fons mari s’analitza mitjangant estudis hidrografics de la
darrera década, que permet caracteritzar el patré d’erosié. A través de dades AIS,
s’analitza la maniobra del vaixell d’estudi i s'utilitza com a model de maniobra en
un simulador. La maniobra es reprodueix al simulador, d’on se n’extreu el compor-
tament dels motors principals i de les helix de maniobra. El patré de maniobra i
el comportament dels motors s'utilitzen per avaluar les seccions de maniobra més
perjudicials, que resulten ser I’aproximaci6 lateral del vaixell al moll d’atrac, durant
la maniobra d’arribada, i les primeres etapes de la maniobra de sortida.
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Chapter 1

Introduction

1.1 Context of the Thesis

Coastal infrastructures are a focus of growing interest due to the evolution of the
shipping industry in recent decades. In particular, the increase of maritime trans-
port leading to a global increment of ship routes, ship size and propulsion systems,
is affecting docking infrastructures designed to host smaller and less powerful ships
(Hawkswood, Lafeber, and Hawkswood, 2014). This is particularly true in case of
ferry ships or cruise ships, equipped with transverse thrusters which allow them
to maneuver without the assistance of tug boats. Moreover, these ships use to op-
erate with regular basis at the same ports, meaning that the induced loads during
the maneuvers have a cumulative effect over the soil. The use of more powerful
propulsion systems causes severe damages to berthing structures regardless of their
design (open quays or quay walls). These damages are mainly related to scouring
effects due to the stern propellers jets, which create a hole that can reach several me-
ters in depth, especially in case of non-cohesive soils. At the same time, the eroded
sediment settles elsewhere in the harbor basin, leading to accretion areas in specific
locations. Therefore, two main problems arise from the propeller induced scour near
marine structures: on the one hand, the stability may be compromised due to the loss
of passive pressure; on the other hand, sedimentation areas may arise reducing the
operational draught of any harbor basin due to the resuspended sediment. Proper
management of harbors requires up-to-date studies in this topic due to the constant
evolution propellers design and increase in ships size.

According to PIANC (2015), ship propeller induced jet flow is the main cause
of scour at navigation channels and harbor environments. As a rule of thumb, one

'in case of main propellers and 8 ms~! in

can expect flow velocities up to 10 ms™
case of bow-thrusters. This fact becomes relevant when the bed-clearance is too low
that the loads at the bottom level due to the propeller jets overcome the threshold
of stability of the bottom material, and therefore induce resuspension and trans-
port. For instance, bottom velocities due to main propellers can be expected to lay
between 5 and 8 ms~! (Hawkswood, Lafeber, and Hawkswood, 2014). In case of

bow-thrusters, the proximity between the propeller outflow and the berthing quay
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when the ship is alongside makes the jet flow to be confined by the structure. In

1 are common at field (Roubos,

these cases, bottom velocities between 2 and 5 ms™
Blockland, and Van Der Plas, 2014). In extreme cases, the required diameters of the
rock protection may be greater than 1 m (BAW, 2005), which is often impractical and

may lead to major cost increases.

Although this problem has been recognized for decades, reliable predictions
against scour due to propellers and thrusters remain difficult due to the following
factors (Hoffmans and Verheij, 2021):

¢ The duration of the hydraulic load is short and its location changes during a

single maneuver;

¢ The scour depth increases due to the cumulative effect of several maneuvers

at the same location;

¢ The hydraulic load on the bottom is not the same for all maneuvers, but varies
depending on the ship size, draught, water level in tidal areas, wind condition

and human factor;

¢ The engine power actually used is often unknown and needs to be estimated,

but it may change significantly depending on the maneuver requirements;

¢ The amount of cohesion of the bottom material is often not well known;

According to Hawkswood, Lafeber, and Hawkswood (2014), the most significant
flow velocities at bed occur when the ship is nearly stationary. From this assump-
tion, the experiments at model or prototype scale have been traditionally performed
at zero speed of advance, i.e., at bollard pull conditions. Experiments at physical
model have been for decades the only approach to the topic, either focused in lo-
cal scour experiments or propeller jet flow measurements. Experimental work has
provided necessary knowledge in the propeller jet flow characteristics and the inter-
action with the sediment bed in some of the standard situations that are expected at
field. According to BAW (2010), the standard situations are defined by combining
the following boundary conditions: jet splitting by a central rudder, lateral limita-
tion of the jet spreading and jet deflection by a quay wall. However, other boundary
conditions may be found at field. The propeller characteristics, the number of pro-
pellers or the ship stern shape are examples of these boundary conditions. If the ship
maneuver is also considered, then the problem becomes even more complex, since
the engine power, propellers location, propellers regime and rudder angle changes
within a single maneuver. Because of the former, it may be possible that the devel-
oped equations at laboratory provide no satisfactory results when applied at field.
As an example, Roubos, Blockland, and Van Der Plas (2014) presented measure-
ments of propeller induced scour near a quay wall at prototype scale at the Port of
Rotterdam. The most common equations in PIANC (2015) to predict the maximum
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scour depth were tested. Significant differences between observed and predicted
scour depth were found in their study, showing that sometimes the computed scour
is underestimated and in other cases overestimated. Still, experiments at physical
model are nowadays one of the best ways to approach the scour problem, and the

major part of scientific literature in this topic comes from experimental research.

Aiming to bridge the research at laboratory with the field studies, this thesis
applies a methodology to account for the uncertainties due to the ship maneuver
and the engines behavior in real scenarios. The methodology was already presented
in Llull et al. (2020) and is applied here to a case study. Moreover, the present work
includes new experimental studies on single and twin propellers, presenting new
findings in the topic that are later applied to the case study.

1.2 Objectives and scope of the Thesis

Single and twin propellers are two of the most common types of propulsion systems
in both maritime and inland ships. These propeller systems have been, therefore,
focus of the main research performed traditionally in propeller induced scour, but
some knowledge gaps are still present in literature. This thesis aims at providing
new insights in the study of the propeller jet and the induced scour both for single
and twin propellers through experimental work related to both systems.

The fundamental parameter needed in both single and twin propeller systems
is the propeller outflow velocity. This parameter needs to be experimentally deter-
mined to avoid uncertainty due to the use of literature formulation. The first objec-
tive of the experimental work is, therefore, to obtain reliable measurements on the

propeller jet velocity field nearby the propeller plane.

In case of single propellers, a common standard situation (free propeller over
horizontal bed) is used to address a fundamental topic in sediment scour: the bed
shear stress. The bed shear stress is the most important parameter to determine the
incipient motion and the bottom stabiliy. It has been used traditionally as input to
the bottom stability equations (Shields criterium) and transport equations (Paintal,
1971). However, no systematic research has been focused on direct or indirect mea-
surements of bed shear stress in case of propeller jets so far. Through direct mea-
surements with a self-constructed shear plate, this issue is addressed in the present
work aiming to provide new insights in this topic.

According to Gijt and Broeken (2005), an accurate estimation of the maximum
expected scour depth near quay walls is needed to set a proper design depth or to
account for the added costs of toe protection. In this regard, new experimental work
in local scour induced by twin-propeller systems in a confined scenario is presented
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herein. In this work, special attention is paid to the evolution of the maximum depth
of scour. The experiments address a common situation in the case of Ferry and RO-

RO ships that until now have hardly been studied at model scale.

Finally, regarding port management, PIANC (2015) and Hoffmans and Verheij
(2021) consider ship maneuvers to be of special relevance to adequately address
the scour problem in any specific case. The use of the existing equations is rec-
ommended according to the judgment of experts and considering all the boundary
conditions (motion of the boat, identification of most damaging situations, consider-
ation of mean or severe meteorological conditions, etc.). This thesis includes a case
study, aiming at providing new evidence on the need to take into account the ship
behavior as the main driving force behind the scour phenomenon. The behavior of
propellers and engines during a real maneuver and the relationship between the ma-
neuver pattern and the induced scour are topics discussed in this part of the thesis.

The following specific objectives are therefore defined to achieve the overall goal:

¢ Characterization of the induced velocity field by the propeller models to be
used through the dissertation.

* Direct measurements on bed shear stress by propeller jets at model scale.

¢ Adjustment of empirical relations between the time-averaged bed shear stresses
and the propeller induced velocity.

* Analysis of the local scour due to twin-propeller confined jets, including time
evolution of the maximum scour depth near the front wall.

¢ Analysis of the local scour due to backward rotating twin-propellers.

¢ Maneuver analysis of a real ship to detect the most harmful situations, i.e.,
when a specific ship is expected to induce higher loads to the sediment bed.

1.3 Layout of the Thesis

This dissertation is divided into five different Chapters, focused on the propeller in-
duced sediment scour over non-cohesive sediment in low bed clearance conditions.

Chapter 1, i.e., the present Chapter, starts with the context and motivation of the
subject. The purpose of the work, the objectives and the layout of the thesis are also
provided in this Chapter.

Chapter 2 is focused on the effects of single propeller jets over the bed sediment.
Experimental work in propeller jet velocity and bed shear stress is presented. Mea-
surements of the jet velocity at the so-called efflux plane are related with the directly
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measured bed shear stress by an empirically obtained coefficient. The bed clearance,
i.e., the vertical distance between the propeller and the bottom, and the propeller
speed of rotation are included as experimental variables in the analysis.

Chapter 3 is focused on twin-propeller systems in a confined situation. Although
very common in a wide range of ships (e.g., Ferry, RO-Pax, Cruise ships), few stud-
ies are found in literature in this topic. The velocity measurements performed in
Chapter 2 are used in this Chapter to relate the previously measured efflux velocity
of propeller jet velocity with the maximum measured scour depth.

Chapter 4 presents a case study in which the ship maneuver is related to the
scour pattern combining three elements: bathymetric surveys in a specific harbor
basin, AIS data of the study ship during the maneuvers in the specific basin, and
maneuver simulation to obtain the engine behavior during the maneuver. As in
Chapter 3, this is a twin-propeller ship in a low bed-clearance environment. After
the maneuver simulation, the engine regime (i.e., ahead and astern regime) and the
use of the bow-thrusters are obtained and related with the observed scour pattern in
the harbor basin.

Finally, Chapter 5 summarizes the main findings of the present work and pro-
poses recommendations for further research.






Chapter 2

Experiments on propeller jet
velocity distribution and induced
bed shear stress

2.1 Introduction

Propeller jets in unconfined conditions, i.e., without any boundary or disturbing
element conditioning its development, have been studied for decades by naval ar-
chitects and civil engineers. The former aimed at improving the propeller design,
therefore the research performed in this field is focused on the flow characteristics at
the vicinity of the propeller, either upstream or downstream. The latter focused their
concerns into the jet flow development, that may have effects over sea or river beds,
harbor environments, hydraulic structures, etc., which is the scope of the present re-
search. In this chapter, the experimental work performed at the Leichtweifs - Institut
fiir Wasserbau (LWI), at the TU-Braunschweig (Germany), is presented. This work
is focused on the velocity field induced by a ship propeller at model scale and the
induced bed shear stresses over a rough bed.

The velocity field induced by a propeller jet has been traditionally studied as an
analogy to the diffusion of the jet from a submerged orifice, following the pioneer
research of Albertson et al. (1950), and based on Froude’s axial momentum theory.
According to the work in Albertson et al. (1950), the plain water jet can be divided
into two distinct zones: the Zone of Flow Establishment (ZFE) and the Zone of Es-
tablished Flow (ZEF). In the ZFE, at closer distance from the jet origin, the maximum
flow velocity in the central core was assumed constant. In this zone, the boundary
between the jet slipstream and the ambient water causes turbulent mixing both in-
wards and outwards the jet. With the increasing distance in the ZFE, the velocity at
the central core gradually decreases until the mixing region eventually reaches the
central line. At this point, the ZEF begins. In the ZEF, the maximum axial velocity
occurs at the centerline and decays with the axial distance.
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The next generation of researchers focused on the propeller jet (e.g. Blaauw and
Kaa (1978), Verheij (1983), Fuehrer and Romisch (1977), and Hamill (1987)) based
their work on Albertson’s research line and also divided the propeller slipstream
into ZFE and ZEF. In the ZFE, immediately downstream the propeller plane, a low
velocity core is found due to the presence of the propeller hub, which makes the lo-
cation of the maximum velocity, i.e., the efflux velocity, to be at a certain distance from
the propeller axis. The efflux velocity in case of propeller jets was first investigated
by Blaauw and Kaa (1978) and Fuehrer and Romisch (1977) by means of momentum
theory and under the assumption of an ideal actuator disc. The derived expression
(see Section 2.3.1, Eq. 2.13) was widely used to obtain the efflux velocity of non-
ducted ship propellers since then (the derivation can be found in Blaauw and Kaa
(1978)). Further work in Fuehrer, Pohl, and Romish (1987) stated that the prediction
of the efflux velocity according to the equation derived from the momentum theory
yielded errors up to &= 20%. Since then, more experimental research have been done
and new adjustments have been proposed to fit all the experimental results. Recent
reviews by Lam et al. (2011) and Wei, Chiew, and Cheng (2020b) made an excellent
work to summarize all the proposed expressions to analytically obtain the efflux ve-
locity of a propeller jet, but no general consensus is found regarding this parameter
yet. For practical use in propeller jet velocity characterization, PIANC (2015) recom-
mends the use of the axial momentum theory derived equation. In case not all the
propeller parameters are known, the empirical expression derived by Blaauw and
Kaa (1978), based on the relationship between the propeller thrust and the installed
power previously proposed by Schneiders and Pronk (1975), is recommended (see
Section 4.3.3, Eq. 4.1). When velocity measurements are available, the efflux velocity
can be obtained, according to Ryan (2002), as the maximum velocity downstream
the propeller plane, taken from the mean velocity distribution. Due to the difficulty
in measuring immediately downstream the propeller plane, a distance of X = 0.5D,,
is recommended by the author. The same distance is recommended in BAW (2010)
and Hsieh et al. (2013).

When the propeller is rotating in a fluid, the rotating blades of the propeller accel-
erate the water upstream of the propeller face, which passes between the propeller
blades and is discharged downstream, increasing the rearward momentum of the
fluid and inducing forward thrust. Due to the propeller rotation, the discharged wa-
ter downstream the propeller plane is converted into a swirling jet, that spreads and
eventually reaches the seabed. After the impingement, the spreading jet is converted
to a wall bounded jet, thus inducing shear stresses to the boundary.

The bed shear stress have been traditionally estimated from indirect measure-
ments by different methods, namely the reach-averaged method, the logarithmic
law, the quadratic stress law, Reynolds stress method and the turbulent kinetic en-
ergy (TKE) method. A description and comparison of these methods is found in
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Biron et al. (2004). Some of these methods have been also applied to propeller jets.
For instance, the shear stress due to propeller jets was first studied by Blaauw and
Kaa (1978), who proposed an empirical friction coefficient, between 0.06 and 0.11,
by fitting their experimental results to the quadratic stress law. In their experiments,
they used pebble gravel of dsp = 5.45 mm with a colored pattern and determined
the number of particles passing the perpendicular sections. From the number of bot-
tom particles counted during the tests, they could determine a transport parameter.
According to Paintal (1971), the transport parameter is related to the Shields param-
eter in case of very low bed-load transport. This relation was used to determine the
Shields parameter and, later, compute the shear stress and the friction coefficient.
Blokland and Smedes (1996) used the same relationship between the transport pa-
rameter and the Shields parameter to obtain a similar friction coefficient, using the
scouring rate measured at erosion tests to calculate the transport intensity. Different
materials were tested as bottom protection with dsy ranging from 36 to 71 mm. It is
remarkable that these tests were performed in situ at the port of Rotterdam. The fric-
tion coefficient and the stability condition in case of finer sediment was studied by
(Hamill, 1988), from Reynolds stresses computed close to the sediment bed after ve-
locity measurements within an equilibrium scour hole. A more direct method was
used in Maynord (2000) and Rodriguez et al. (2002), who measured bottom shear
stresses of a passing ship by using hot film wall shear stress sensors flush mounted at
the bottom of a channel. In Maynord (2000) a friction coefficient to obtain peak shear
stresses due to propeller jets is proposed, and has been more recently implemented
in a numerical tool to simulate the transport and deposition of sediment plumes due
to the propeller wash (Wang et al., 2016). More recently, in Wei, Chiew, and Cheng
(2020a) a PIV system has been used to obtain measurements of the velocity gradi-
ent within the viscous sublayer, allowing computation of both the streamwise and
transverse component of the bed shear stress.

Direct measurements of bed shear stresses over a horizontal area can also be ob-
tained using a shear plate. In the present work, a shear plate has been developed
to measure the propeller jet induced bed shear stress over a sediment bed aiming
to validate results from previous studies and provide further insight in the topic.
Preliminary results of the experiments have already been presented in Niewerth,
Nufiez-Gonzalez, and Llull (2021). Shear plates have been used widely in hydraulic
and coastal engineering to directly measure bottom shear stresses (Park et al., 2016;
Pujara and Liu, 2014; Barnes et al., 2009; Tinoco and Cowen, 2013; Riedel and Kam-
phuis, 1973) under different flow conditions and with different measurers, including
strain gauges, eddy-current proximity probes, and others. A review of the different
sensor types used in shear stress measurers is found in Kolitawong, Giacomin, and
Johnson (2010). However, shear plates have not been used in case of propeller jet
flow over horizontal boundaries so far.
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In summary, the current Chapter aims to characterize the axial velocity field
downstream the propeller face and the bed shear stress caused by the propeller jet
over a horizontal rough bed, thus obtaining empirical evidence of the relation be-
tween the experimental conditions (propeller speed of rotation and bed clearance
distance) and the induced shear stresses. The validation of the shear plate to be used
in further research is of main interest and new proposals to improve the prototype
are derived from the experimental results. Therefore, this chapter is organized as
follows: In section 2.2, the description of the instrumentation used to perform the
experimental work, their validation and the experimental setup are provided. In
section 2.3, the obtained results are shown, focusing on the propeller jet velocity dis-
tribution near the propeller plane and the propeller induced bed shear stresses. The
mentioned results are discussed in section 2.4. The final remarks from the present

chapter are summarized in section 2.5.

2.2 Experimental design and data acquisition

Two different data sets are used in this chapter to analyze the relationship between
the propeller speed of rotation and the induced bed shear stress. The experiments
performed and the obtained data sets are named as follows: experiments/data on
Efflux Velocity (EV) and experiments/data on Bed Shear Stress (BSS).

The first data set (EV data) consists on measurements of the propeller jet free-
stream velocity distribution. Punctual velocity measurements were performed along
a vertical measuring grid parallel to the propeller plane, at a distance X=0.5D,, to
obtain the time-averaged velocity distribution at the so-called efflux plane. These
experiments were carried out in a medium-size water tank of dimensions 4x2x0.6
m with a ship propeller model in bollard pull conditions. Measurements of axial
velocity were obtained from 2 different propellers (Prop1 and Prop2) at 2 speeds of
rotation (n). The propeller models have the same characteristics but different pitch
ratio (p). The main characteristics are included in Table 2.1.

The second data set (BSS data) is obtained from measurements of the induced
bed shear stress by the propeller jet. A false bottom roughened with glued sand of
dso = 0.8 mm, with a flush mounted shear plate, was used to obtain direct measure-
ments of bed shear stress over a 0.1 squared meters area. The false bottom was built
in wooden modules of dimensions 1x0.6x0.2 m next to each other. In this case, the
measurements were performed in a larger water tank of dimensions 15x5x2 m, to
better fit the objectives of the experimental work. Bed shear stress time-series were
obtained from experiments performed with 1 propeller (Prop1) at 5 different speeds
of rotation (n), 2 different propeller bed clearances (C;) and 2 different horizontal
distances to the shear plate (Xpjaze)-
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FIGURE 2.1: Sketch of the experimental setup in (a) EV experiments,

and (b) BSS experiments. In (b), the vertical dashed line parallel to

the propeller plane shows the location of the measuring grid during
EV expeirments.

TABLE 2.1: Propeller 1 and Propeller 2 main characteristics.

Name D, D B.AR p’ material N

Prop1  0.25 0.025 0.75 0.8 Cu-Al-Nialloy 4
Prop2 025 0.025 0.75 1.0 Cu-Al-Nialloy 4

Sketches of the experimental setup of the EV and BSS experiments are shown
in Figure 2.1 (a) and (b), respectively. The origin of Cartesian coordinates system
adopted in this work is located at the propeller hub, while the x, y, and z axes are
taken in the axial, transverse and vertical directions. The summary of all the exper-
iments presented in this chapter, along with the name and the experimental condi-
tions, is provided in Table 2.2.

In the following sections (2.2.1 and 2.2.2) the description of the measurement
equipment, calibration measurements, validation tests and performed experiments

is provided.

2.2.1 Velocity measurements with pitot-static tube and pressure transduc-
ers

The EV experiments were performed by point-by-point velocity measurements along
the measuring grid with a Pitot-static tube, also called Prandtl tube, coupled to a
differential pressure transducer. The dimensions of the probe and a picture taken
during the validation tests are shown in Figure 2.2 (a) and (b).
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TABLE 2.2: Experimental setup during EV and BSS experiments. The
variables X, Yy, and Z;, states for the range of axial, transverse and
vertical distance within the measuring area.
exp# Propeller C;, X Y zZ, n(rpm)
EV1 Propl
EV2 Prop2 1D, 0.5D, -1D,-1Dy, -1D,-1Dy, 250,300
BSS1 1D,
BSS2 Propl 0.7D, 2.9D,-4.9D, -0.4D.-0.4D 150,225,300,
BSS3 o N 375,450
BSS4 07D, ~TFTTP
(@)

107

Static presisure tube

Total pressure tube

Transverse holes

FIGURE 2.2: (a) Sketch of the Pitot-static tube. All the distances in the
sketch are shown in mm. (b) Picture of the tube during a calibration
test. (c) Picture of the pressure transducer used in the experiments.

During the experiments, the probe was aligned to the main flow direction, thus
the inner tube measured the total pressure at the stagnation point, as a sum of the
static and dynamic pressure of the water flow. The outer tube has four smaller holes
in the side wall. Due to the alighment of the probe, the small holes were perpendic-
ular to the main flow direction, then just static pressure was measured in the pipe
connected to the outer tube. Both of the pipes coming out of the probe were con-
nected to each side of a differential pressure transducer, thus measuring the pressure
difference between the pipes. By applying Bernoulli’s principle to the jet flow in the
pipes, Eq. 2.1 and Eq. 2.2, the difference between the total pressure and the static
pressure is the dynamic pressure, which is a direct measure of the magnitude of the

axial component of the flow velocity.

Py = Ps + Pp (2.1)

L5

Pp = Epwu (2.2)
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where:

Pr = Total Pressure (Pa)

Ps = Static Pressure (Pa)

Pp = Dynamic Pressure (Pa)
pw = Water density (kgm—>)
u = Flow velocity (ms™1)

The differential pressure measurements were performed with bidirectional pres-
sure transducers (Omega Engineering "), Figure 2.2 (c), able to measure pressure
differences up to + 25 HPa, while the specified accuracy is 5%. The sampling fre-
quency during the velocity measurements was set to 100Hz. The connection be-
tween the pressure probe and the pressure transducer was made by tightly fixed
silicone tubes. The transparency of the tubes allowed to check that no air was in-
side the pipes to ensure hydraulic connection between the probe opening and the
pressure transducer chamber. The same circuit was also connected to the water tank
through a water level cylinder to adjust the water level and to drain the system after
every experimental run. The connection between the water level cylinder and the
pressure transducer was closed after the draining and previous to the beginning of
the experiment by two different valves, one for each chamber. Figure 2.3 (a) and (b)
shows a sketch of the circuit and a picture of the sensors panel to the good guidance
of the reader. The measurements considered in the present chapter are obtained by
one of the four pressure transducers in the picture.

Measuring cylinder

AP(t) data

:—> Prandtl tube

—

|
|
[
|
|
[
|
| ;Pressure transducer

FIGURE 2.3: (a) Sketch of the measurement system at the tank. (b)
Picture of the pressure sensors panel.
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FIGURE 2.4: (a) Results of the validation tests of the Pitot-static probe
and pressure transducer measurements. (b) Picture of the calibration
flume.

The validation of the instrument was performed in a closed circuit flume, where
different flow velocities ranging from 0.3 to 1.5 ms~! were set. Figure 2.4 shows a
picture of the validation flume, together with the validation tests results. Almost
perfect agreement between the set velocity and measured velocity with the pitot-
static probe measurements was obtained. Besides, the repeatability of the time-
averaged velocity measurements in the propeller jet was tested by performing 3 rep-
etitions of measurements over 4 different vertical profiles with Prop2 at 300 rpm. A
maximum absolute error of a 6% was found, while the relative standard error for the
maximum velocity at each profile was lower than the 2% in all cases.

During the EV experiments, the squared-grid of 1D,x1D;, shown in Figure 2.1
(a) was centered at the propeller hub. The vertical and horizontal distance between
points was 0.08D, (2 cm). A total of 4 grids of 225 measuring points, measuring the
flow field of Propl and Prop2 at two different speeds of rotation, were performed.
The time duration of every velocity measurement was set to 80s after a set of pre-
liminary measurements over a 12-points grid to obtain the error of the cumulative
time-average to the long-term average (3 minutes time-series). Measurements of 80s
were enough to obtain time-average velocity values with an accuracy of £5% within
the free jet. In Figure A.1, in the Appendix A of this work, the cumulative average of
the time-series are plotted to show the mean value stabilization in the free jet mea-
surements. The test measurements were performed at a distance of X=1D, from the
propeller plane and the chosen measuring time was kept the same in all the velocity

measurements.

Uncertainty and sources of error during jet velocity measurements

Pitot tubes are designed to work under steady linear flow to accomplish with Bernoulli’s
theorem constraints (Eqs. 2.1 and 2.2). Therefore, several assumptions are needed



2.2. Experimental design and data acquisition 15

when considering that each instantaneous pressure difference measured in the trans-
ducer corresponds to a measure of the instantaneous velocity of the jet flow. First,
Eq. 2.1 and Eq. 2.2 are not applicable to turbulent jet flows, yielding a certain de-
gree of uncertainty in the results. Nevertheless, the validity in measurements with
Pitot tubes in turbulent flow fields is proven in literature (Becker and Brown, 1974;
Bailey et al., 2013; McKeon et al., 2003). Moreover, this particular Pitot-static tube
has already been used under propeller jet flow conditions, with adequate results in
terms of time-averaged measurements at the efflux plane (Ntfiez-Gonzélez, Koll, and
Spitzer, 2018). On the other hand, it is well known that Pitot tubes” performance is
affected by viscosity when measuring at low water flow velocities. In Spelay et al.
(2015) the authors recommend not to use Pitot tubes in case of Reynolds numbers
(Rey) under 35. Note that the Re, is calculated in this case with the inner tube diam-

L are not

eter. In the present experiments, time-average flow velocities below 0.5 ms™
expected within the propeller jet, meaning Re; > 1500, thus the error due to viscos-
ity is neglected. Finally, the propeller jet is known to be a turbulent 3D jet where not
only axial, but also tangential and radial components of the velocity are important.
This is especially true at close distance from the propeller plane. Therefore, since the
present measurements are performed with a Pitot-static tube, important informa-
tion on the propeller jet velocity distribution -the radial and tangential components-
is lost. Moreover, the alignment of the probe with the flow cannot be ensured in case
of three dimensional velocity field. Still, since the main purpose of the measure-
ments is to obtain the time-averaged distribution of the axial velocity component in
the jet, the measured velocities by the pitot tube are considered to fit in the scope of

the experiments.

2.2.2 Shear stress measurements with shear plate

The measurements of propeller induced bed shear stress were performed by a self-
made shear plate, flush mounted in a false bottom and coupled to a load cell with
strain gauges below. The gap between the shear plate and the false bottom was 3
mm, allowing the plate to move in the mean flow direction during the experiments.
This displacement was measured by the strain gauges. In Figure 2.5, a sketch of the
load cell coupled to the shear plate is shown. The strain gauges used in this work
have been satisfactorily used as drag force sensors in several previous studies at the
LWI, to measure drag force over individual plants and solid elements under several
flow conditions with high accuracy (Schoneboom et al., 2008; Niewerth, Aberle, and
Folke, 2019; Niewerth et al., 2016; Siniscalchi, Nikora, and Aberle, 2012). Since the
instrument was used to measure shear stresses in the reported experiments in this

work, it will be named Shear Stress Sensor (SSS) for the sake of simplicity.

The force acting on the shear plate in the streamwise direction can be expressed
as a sum of the shear forces over the plate’s surface and the pressure gradient force,
acting at the upstream edge, due to the difference in pressure at each side of the
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FIGURE 2.5: Sketch of the Shear Stress Sensor (SSS) coupled to the
shear plate.

plate (Eq. 2.3). The effective fraction of the pressure gradient force acting over the
plate (fpg) is usually assumed to be 0.5, since linear decay between the top and the
bottom of the shear plate cross-section at the upstream edge is assumed (Pujara and
Liu, 2014). The pressure gradient could not be measured during the experiments
presented here. The uncertainty derived from neglecting this term is addressed in
Section 2.2.2: Uncertainty and sources of error during bed shear stress measurements. In
the present work, the total force over the shear plate is assumed to be due the shear
stress acting at the top surface of the plate. This force is measured with the SSS.

oP
Fplate = TOAplate +fPGnglate (2.3)
where:

Fyiate = Total force acting on the shear plate (N)

T0 = Mean bed shear stress (Nm~?)
Apiate = Total Area of the plate (m?)
Vptate = Total Volume of the plate (m?)

dP/dx = Horizontal pressure gradient (Nm~3)

frc = Fraction of the pressure gradient acting on the shear plate (-)

The SSS consists on a 20 mm wide and 3 mm thick stainless-steel beam with eight
strain gauges composed as 2 Wheatstone full bridge circuits located at different ver-
tical positions. The vertical separation between the strain gauges is approximately 8
cm. The steel beam is covered by a plastic tube, perfectly sealed at the top, prevent-
ing water intrusion when located underwater and allowing the strain gauges (SG)
to operate in dry conditions. The lower part of the beam is fixed to an aluminum
plate that, in turn, is fixed to the bottom. The upper part of the beam is fixed to an
aluminum head that is coupled to the shear plate with an articulated joint, thus al-
lowing a friction-free horizontal movement of the plate. Due to the horizontal force
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acting over the plate, it is displaced inducing a bending moment over the steel beam,
that is deflected. The deflection is measured as output voltage at the 2 Wheatstone

bridge circuits.

Considering the steel beam as a rectangular cross-section, fixed at the bottom
and subjected to an external forcing, F (N), normal to the cross-section and at its top,
the bending moment, M (Nm), at a distance L (m) is obtained by the moment equa-
tion, Eq. 2.4. The bending stress (03,) at the surface of the bending beam, i.e. at the
external layer, is calculated with Eq. 2.5. The bending stress is also linearly related
to the measured elongation (¢) by Eq. 2.6, where the proportionality is given by the
Young’s Modulus of the material.

M = FpjaeL (2.4)
0p = MJ ' f = Fype LW (2.5)
o, = Ee (2.6)
where:
] = intertial moment of the transversal section (m*)

f = distance from the neutral line to the outer layer (m)
W = Section modulus (m?)
E = Young’s Modulus or Modulus of Elasticity (Nm~2)

Substituting in the previous equations, the expression to calculate the lever-arm
(L1 and L, in Figure 2.5) acting at each measuring position of the strain gauges when
the beam is deflected is obtained (Eq.2.7).

F

stateLn = EWe 2.7)

Substituting Eq. 2.7 in Eq. 2.3 and neglecting the pressure gradient, the mean
shear stress (1p) is obtained as:
EWe

= (2.8)
0 AplateLn

In order to relate the shear stress acting along the plate with the measured de-
flection at the strain gauges position, the Eq. 2.7 is calibrated with known forces.
The calibration is performed at dry conditions, with a pulley system and hanging
weights. Low weights are attached to the pulley, placed at the same height as the
shear plate, and fixed to it with a small screw. The results obtained during the cali-
bration tests are summarized in Table 2.3.

The validation of the shear plate under water flow was performed in a hori-
zontal flume of dimensions 25x0.7x0.6 m, where different discharges up to 120 Is~*
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TABLE 2.3: Results of the calibration tests of the of the SSS.

Strain Gauge (SG) E W (13) L (nm) Repetitions Absolute error

(mm)
SG1 2x10° 30 L1 =6271 2 3.83
SG2 2x10° 30 L, = 14497 2 3.79

were set. The false floor modulus containing the shear plate was perfectly fitted to
the flume width to prove the functionality of the prototype. During the trial tests,
the energy slope (Sy) was obtained with the linear regression of the total hydraulic
head calculated at 5 different channel sections over the false floor. The last was
obtained a sum of the elevation head and the velocity head (pressure is assumed
hydrostatically distributed). To calculate both parameters, the free surface elevation
was measured with point gauges at each section, with a precision of 0.5 mm in the
measurement. The reach-averaged shear stress (7;;) was later obtained with Eq. 2.9,
assuming normal flow conditions due to the small angle between the horizontal bed
and the water free surface. The time-averaged bed shear stress obtained from the
shear plate (7p) was later compared to the reach-averaged bed shear stress (7;5). In
Figure 2.6, an sketch of the validation experiments and a picture of the shear plate
in the validation flume are shown.

Tis = ngRSf (29)
where:

T = mean bed shear stress (Nm?)

g = gravitational acceleration (ms—2)
R = hydraulic radius (m)

Sy = energy slope (-)

(a) (b)

FIGURE 2.6: (a) Sketch of the shear plate flush mounted on the false
floor modulus and located in the validation flume; (b) picture of the
tests at the validation flume.



2.2. Experimental design and data acquisition 19

(a) (b)
‘g 40 s
% é 50
=~ 20
= =
m m
W O * L (;JN O " L
0 0.2 04 0.6 0 0.2 04 0.6
(c) Force(N) (d) Force(N)
- % a
o X Calculated E
= 2t X Measured X z 2
Z X s
S 5
. X | N | | |
0 0.05 0.1 0.15 0 1 2 3
Q (m’s™) To,meas. (NI)

FIGURE 2.7: (a), (b) calibration of the shear plate (SG1 and SG2); (c),
(d) results of the tests in the validation flume.

The calibration line and the results obtained at the validation tests are shown in
Figure 2.7. A fairly good behavior of the shear plate is obtained under steady normal
flow, with RMSE = 0.15 Nm? in the present tests.

Uncertainty and sources of error during bed shear stress measurements

The use of the shear plate and the measurement of shear stress with strain gauges
has been proven to be well-working, although subjected to intrinsic uncertainties
that need to be considered. The main source of uncertainty may come from the
spatial integration of a punctual measurement over a 0.1 m? area. However, a com-
promise between the uncertainty and the sensibility of the instrument is needed to
allow confident results. In this case, low shear stresses of 1 Nm 2 correspond to

forces of 0.1N over the plate area, within the sensors optimal measuring range.

Since the direct measurement of time-averaged bed shear stress is the main objec-
tive of the present experiments, the duration of each experiment is indeed a source
of uncertainty. The time-averaged shear stress changes with time, although reaching
a certain stabilization. The duration of the measurements is analyzed by comparing
the average and the dispersion of 6 repetitions of short (80 seconds) measurements
with the same measurement over a long time (20 minutes), to obtain an estimation of
the error and proceed with the short-term measurements. This matter is explained

in detail in Appendix B.

The friction losses due to the plastic supports and joints have an effect on the

resistance to the displacement of the plate. However, these are not considered as a
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source of uncertainty since they are already measured during the calibration process.

The pressure distribution along the plate was not measured during the experi-
ments, thus the pressure difference between the upstream and downstream bound-
ary of the plate is neglected. In case of turbulent flow over horizontal bottoms, ex-
perience in literature shows that the effect of the pressure gradient is not of main rel-
evance in shear plate measurements. An uncertainty lower than a 10% is assumed,
for instance, in (Park et al., 2016). However, due to the specific characteristics of the
wall bounded swirling jets, such as the propeller jets, we cannot assume the exact
same conditions as in an open channel flow. The assessment of the uncertainty due
to the pressure gradient is therefore left for future work.

Some considerations on the gap size are also needed. Since there is no velocity
inside the chamber below the plate, it is known that secondary forces may exist due

to the exchange of momentum between the external flow and the fluid in the cham-
Ul
14

ber. Defining the Reynolds number based on the gap size as Reg = , Dhawan
(1953) provides a general rule that the velocity profile is unaltered by the presence
of gaps up to l¢ < 100 (Pujara and Liu, 2014). If the shear velocity is obtained from
the measurements of bed shear stress in the present work, this threshold is in range
with the experimental results in case of low speed of rotation, although it is exceeded
in some of the experiments with high speed of rotation, therefore some influence of

secondary forces should not be discarded.

2.3 Results

In Sections 2.3.1 and 2.3.2 the obtained experimental results of velocity distribution
across the efflux plane and propeller induced bed shear stress, respectively, are pre-
sented. In section 2.3.3, the results from EV and BSS experiments are triggered to
each other to obtain an empirical fit of the friction coefficient (Cf) over the shear
plate as a function of the experimental conditions.

2.3.1 Axial velocity distribution at the propeller face

The results presented in this section are obtained from time-averaged measurements
of the axial velocity distribution at a plane parallel to the propeller face, at a distance
X=0.5D,, as introduced in Section 2.2.1. Following the abbreviations used in pre-
vious sections, these experiments are called EV experiments, so the obtained data
is named as EV data. According to literature, EV measurements are assumed to be
obtained at the efflux plane (Ryan, 2002; Wei, Chiew, and Cheng, 2020b), therefore,
the maximum time-averaged velocity across the efflux plane, will be known as the
efflux velocity (Up). This parameter is presented in the first place since it will be
used throughout this work. Also, since most of the analytic expressions in literature
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to characterize the propeller jet depend on Uy as scaling variable, it is considered
highly relevant to the present research.

As stated in section 2.2.1, a total of 225 measurements over a 1D,x1D,, grid were
performed to measure the differential pressure at each point with the pitot-static
tube. Each instantaneous pressure difference was converted to an instantaneous
velocity measurement using Eq. 2.2. After that, the mean velocity (#) and the hor-
izontal turbulence intensity (TI) for each time-series at each position were obtained
with Egs. 2.10 and 2.11, respectively.

1 N
=g Y (2.10)
i=1
S o (= w)?
TI=Vu? = ﬂT (2.11)

To obtain Up from the measured velocities, two symmetric Gaussian functions
are adjusted to the velocity profile at each experiment. The adjustment is performed
by optimizing Uy, R, and ¢ in Eq. 2.12 by means of least squares fitting. After ob-
taining Uy, an experimental coefficient of thrust (Kr) is found by applying Eq. 2.13,
derived from the axial momentum theory, to every experiment.

lLl[; —e " 2.12)

Up = 1.59nD,/Kr (2.13)

In Table 2.4, the obtained values of Uy, R,;;,c and Kt are summarized for each
propeller at each speed of rotation. The average value of K, from the obtained re-
sults at 250 rpm and 300 rpm, is used as unique value of each propeller from this
point in the dissertation. The results show that no variation is obtained in the fitted
models regarding the radial position of the maximum velocity in any of the experi-

ments.

TABLE 2.4: Summary of the obtained values of efflux velocity (Up)
and thurst coefficient (Kt) in EV experiments.

Propeller n (rpm) U R, o Kr RMSE
Propl 250 115 020D, 0.19D, 0.48 £0.1 0.096
Prop1 300 1.38 021D, 0.18D, 048+0.1 0.116
Prop2 250 133 020D, 0.19D, 0.63+£0.3 0.166

Prop2 300 1.55 020D, 0.19D, 0.63+03 0234
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FIGURE 2.8: Velocity distribution at the efflux plane (Prop1). (a), (c):

Radial distribution of u fitted with the double-peak gaussian model

at 250 rpm and 300 rpm respectively. (b), (d): 2D colormaps of u at

250 rpm and 300 rpm respectively. The black circumference shows the

radial location of the maximum velocities, while the white circumfer-
ence shows the propeller diameter.

The radial distribution of time-averaged velocities fitted with the Gaussian ad-
justment and colormaps of the axial velocity distribution are show in Figure 2.8, for
EV1 experiments. The measurements obtained at radius larger than 0.5D,, are ex-
cluded, since the expected mean velocity at these points is close to zero. The radial
distance locating peak velocities is drawn over the colormap, together with the area
of the propeller. The same figure containing the data of EV2 is shown in Figure A.3
of the appendix A. The results obtained in EV2 are presented at this point, but they
won'’t be discussed in the present Chapter since they are used as a part of the analy-

sis in Chapter 3 of this dissertation.

Once the U is characterized, the needed parameters to account for the scaling
of the experiment can be obtained. In this work, the adjusted Kr (see Table 2.4) is
assumed constant for the range of propeller speeds of rotation covered by the present
experiments, in both Sections 2.3.1 and 2.3.2. Therefore U is obtained with Eq. 2.13
as a linear function to the range of propeller speeds of rotation showed in Table 2.2.
The Froude number (Fr), Reynolds number of the flow (Ref) and Reynolds number
of the propeller (Re) are obtained according to Eqs. 2.14, 2.15 and 2.16, respectively.

The range of the mentioned non-dimensional parameters covered by the present
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TABLE 2.5: Summary of non-dimensional parameters covered by the
experiments in Chapter 2

Propeller Fr Res x10°  Rep x 10°

Propl 04-13 17-52 05-1.3
Prop2 08-1 3.3-39 08-1

experiments is summarized in Table 2.5. During the present experiments, the flow
and propeller Reynolds number are greater than 3 x 10° and 7 x 10%, respectively, in
agreement with the threshold established by Verheij (1983) to avoid scale effects due
to viscosity related to the flow along the propeller blades.

Uy
Fr = (2.14)
v 8Dy
_ oDy
Rep = — (2.15)
LD
Re, = —"=F (2.16)
D
Ly = BD,m[2N(1 — DJ)]*1 (2.17)
14

where:

Uy = Efflux velocity (ms™1!)

Fr = Froude Number (-)

Ref = Reynolds Number of the flow (-)

Re, = Reynolds Number of the propeller (-)

L,, = Characteristic length of the propeller (m)
D, = Propeller Diameter (m)

D;, = Propeller hub Diameter (m)

N = Number of blades of the propeller (-)

n = Speed of rotation (rps)

B = Blade Area Ratio (-)

The horizontal Turbulence Intensity (\/ﬁ), obtained with Eq. 2.11, shows maxi-
mum values at the outer jet layer (R = 0.4D),), as shown in Figure 2.9 for EV1 exper-
iments. The same relation betweenV/ 12 and Uy is observed, regardless of the speed
of rotation. In this area, the boundary between the jet flow and the ambient water
is found, and higher values of turbulence intensity may be caused by the increased
mixing and higher shear forces in the flow. This results are in good agreement with
the expected behavior and literature (Lam et al., 2012), where higher values of TI
were found both at the outer and inner jet layers through LDA measurements of the
propeller jet velocity distribution.
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FIGURE 2.9: Horizontal TI distribution at the efflux plane (Propl).
(a), (c): Radial distribution of V u?/ Up at 250 rpm and 300 rpm re-

spectively. (b), (d): 2D colormaps of V2 /Uy at 250rpm and 300rpm

respectively. The red circumference shows the radial location of the

maximum TI, while the white and black circumferences show the pro-
peller diameter and the location of maximum mean velocities.

To provide further insight to the punctual velocity measurements, the energy
spectra analysis is presented herein, through the Power Spectral Density (PSD) of
each measurement within a radial distance in the range of 0.15D, < R, < 0.3D,.
This range is used to include the positions where the maximum time-averaged veloc-
ity across the propeller plane is measured. In Figure 2.10 (a) and (b) some examples
of the PSD of the signal are shown. In the PSD of both experiments, energy peaks at
the blade-passing frequency (16.64 Hz or 20 Hz), the propeller axis frequency (4.16
Hz and 5 Hz) and at its second harmonic (8.32 Hz and 10 Hz) are found in case of
250 rpm or 300 rpm respectively. This behavior is observed mostly in the inner jet
measurements, where the jet flow is not influenced by the ambient water, but this
is not observed in the outer side of the jet (at radial distance close to 0.4D;). In the
Appendix A.3, examples of the PSD for the measured flow velocity in the inner jet
are plotted, along with the radial position (R,;) where they were measured.
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FIGURE 2.10: PSD of 6 measurement points in the inner propeller jet

during EV1 experiments. The position (y, z) of the measurement is

shown in each case. (a) Measurements at 250rpm; (b) Measurements
at 300rpm. Frequencies of interest are indicated in each figure.

2.3.2 Average shear stress over the shear plate

The present section shows the results obtained from direct measurements of bed
shear stress with the previously described shear plate in section 2.2.2. All the mea-
surements included in this section were made during 80 seconds time-series, filtered
with a Butterworth filter (Butterworth et al., 1930) of order 7 and a cut-off frequency
of 15 Hz. The decision to use this filter was taken after the analysis of a long measure-
ment (20 minutes) at 1 of the 4 scenarios considered in the presented experiments.

The analysis of the long measurement is shown in the Appendix B.

A total of 4 different situations have been analyzed through experiments (BSS1
to BSS4) on bed shear stress induced by the jet flow of a propeller model (Prop1) at
5 different speeds of rotation, as summarized in Table 2.2. Two repetitions of each
measurement were performed, except in case of BSS1 experiment, in which 6 repe-
titions of the measurement at different days were taken. This number of repetitions
was chosen to approximate the variability that should be expected in case of 80 sec-
onds time-averaged measurements. During the analysis, some of the time-series
were discarded due to the lack of quality in the obtained signal. Unfortunately, in
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those cases, repeatability cannot be evaluated, therefore some experiments are pre-
sented only with one measurement.

Series 1
Series 2
Series 3
Series 4
Series 5
Series 6

$+0O0pD>%0

0 2 4 6 3 0 2 4 6 2
n (rps) n (rps)

FIGURE 2.11: Figures (a) and (b) show the time-averaged bed shear
stress (BSS) over the shear plate, measured 6 times by the strain
gauges SG1 and SG2, respectively. The BSS is plotted as a function
of the propeller speed of rotation (rps). The error bars represent twice
the standard deviation of the time-averaged bed shear stresses, and
the red line show the fitted power model. Figures (c) and (d) show
the same measurements as a function of the squared of the speed of
rotation. The dashed-lines show the 95% prediction interval of the
linear model. In figures (e) and (f), the CV at each speed of rotation is
shown.

According to the literature (Velzen et al., 2016), and following the assumption
when applying Eq. 2.13, the relation between the Uy of the propeller jet and the
speed of rotation is linear for a unique propeller. Also, according to the German
and Dutch methods in PIANC (2015), the maximum expected velocity at bed (U;)
in case of low bed clearance is linear with Uy, and therefore with the speed of ro-
tation. Given the latter, the same functional relation must be expected between the
maximum flow velocity at bed and the induced shear stress as between the propeller
speed of rotation and the induced shear stress. Thus, the time-averaged shear stress
is presented in Figure 2.11 as a function of the propeller speed of rotation, in case of
experiment BSS1. In Figures 2.11 (a) and (b), a power model (y = Kx?) is fitted to the
average shear stress of the 6 repetitions, yielding a value of R? = 0.98 and K = 0.0391
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~ 0.04. In Figures 2.11 (c) and (d), a linear model (y = Kx) is fitted to the whole set
of data yielding an R? of 0.86 and K = 0.0389 ~ 0.04. At low speed of rotation, the
dispersion of the data is larger (CV ~ 40%) than at higher speeds of rotation (from
5 rps), where it is kept constant at lower values (CV ~ 20%). The variability within
each measurement is not shown in this section, but analyzed together with the long
measurement in Appendix B. The variability of the instantaneous shear stress is an
important parameter that needs to be considered, especially in case of three dimen-
sional turbulent flows such as the propeller jet, but at the time is out of the scope of
the analysis in this section. From the experimental results, one may assume that the
variation coefficient (CV) can reach values close to the 100% of the time-averaged
bed shear stress (see Figure B.3 (c), (d)). Moreover, the obtained relation between
the time-averaged bed shear stress and the standard deviation of the measurement
is linear at each experimental condition (see Figures B.3, B.4, B.5, B.6).

The rest of the experiments (BSS2, BSS3 and BSS4) show a fairly similar behavior
compared to BSS1. A power model is adjusted to the mean value of the two repe-
titions (Serie 1 and Serie 2) of each measurement, yielding good results in all cases.
In Figure 2.12 (a) to (f) , the data and the adjustments are shown, together with the
determination coefficient obtained in each fit. The proportionality coefficients, K,
obtained after fitting each model in the data of BSS2, BSS3 and BSS4 experiments
are 0.068, 0.051 and 0.069, respectively. A considerable difference is observed be-
tween the experiments BSS2 and BSS4 (lower bed clearance and higher coefficients,
K ~ 0.07) and the experiments BSS1 and BSS3 (higher bed clearance and lower co-
efficients, K ~ 0.05 and K ~ 0.04) at any distance to the plate, in agreement with the
expected, since the loads induced by propellers with lower bed clearance must be
higher. In Figure 2.12 (g), (h), the total error, computed as the difference between the
two repetitions, relative to the mean value is plotted for each measurement. Results
are in range with the variation coefficients obtained in case of BSS1 for 6 repetitions,
also showing that the uncertainty is clearly reduced at higher stresses. Moreover,
in BSS3, with the higher clearance and longer distance to the plate, the variation

between the measurements is negligible.
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FIGURE 2.12: Figures (a) to (f) show the time-averaged bed shear

stress measured by the shear plate at each experimental condition.

The power model is adjusted to the mean value of the repetitions.

Figures (g) and (h) show the absolute error of the two repetitions rel-
ative to the mean value.

2.3.3 Adjustment of a friction coefficient from Uj and shear stress mea-
surements

Estimating the bed shear stress in a particular scenario is considered to be a bench-
mark to assess the scour potential of a ship with restricted bed clearance. Once the
shear stress is known, the stability of the sediment bed can be assessed by direct
comparison of the computed Shields number and the critical Shields number of the
bottom material. It is known, however, that the instantaneous force on a bed particle
varies through time, as the turbulent velocity component does. Still, for steady flow,
the mean bed shear stress is usually related to the square of the free stream velocity,
Eq. 2.18, through an empirical friction coefficient (Cy). In Blaauw and Kaa (1978),
the authors proposed a friction coefficient between 0.06 and 0.11 to obtain the mean
bed shear stress due to propeller jets for the first time, using in this case the velocity
at bed, obtained with Eq. 2.20. The measurements analyzed in Section 2.3.2 show
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that the time-averaged bed shear stress can be also estimated as a function of the
propeller speed of rotation, therefore as a function of the efflux velocity, with differ-
ent adjustments depending on the experimental conditions. Since the differences in
the proportionality coefficients obtained in the experiments depend on the bed clear-
ance, the use of the bottom velocity to adjust Eq. 2.18 may be reasonable, because it
is also a function of the bed clearance. Several expressions exist in literature to obtain
the maximum velocity at bed due to propeller jets, as a function of the efflux velocity
and the bed clearance. Most commonly, the Dutch and German methods (Eq. 2.19),
are used to simply estimate this parameter applying different coefficients depending
on the boundary conditions (see, for instance, PIANC (2015)). In Maynord (2000),
the use of the maximum velocity at bed, calculated with Eq. 2.19 (German method),
is recommended to estimate the peak bed shear stress of a passing ship. In his work,
a series of experiments are carried out to directly measure the bed shear stress due
to propeller jets, after which Cy is proposed as a function of the diameter to bed
clearance ratio (Cy = 0.01(%)_1).

1

T=pU, = chpuﬁ (2.18)
Chn\_
Uy = Cillo( )™ (2.19)
p
2
Uy, = uoé%e*ﬁ?z (2.20)
where:
¢ = 0.19 in case of non-ducted propellers

C, = Bed clearance (m)

C; = 0.216 for Dutch method and 0.42 for German Method
Cs = Friction coefficient (-)

D, = Propeller diameter (m)

D, = Propeller diameter at the contraction plane (m)

r = Radial distance from the propeller axis (m)

U. = Shear velocity (ms~?)

U, = Axial velocity of the jet flow in a field point (ms™1)
U, = Maximum velocity at bed (ms~1!)

Uy = Efflux velocity (ms~!)

U, = Axial velocity at any position across the velocity profile (ms™!)
x = Axial distance downstream the propeller plane (m)

T = Bottom shear stress (Nm?)

Using Egs. 2.19 and 2.20 with the current experimental conditions, both the max-
imum value of the velocity at bed and the mean velocity distribution are obtained at
several distances from the propeller plane, coinciding with the distances where the
shear plate was located during the experiments (see Table 2.2). The theoretical dis-
tributions are plotted in Figure 2.13. Note that Eq. 2.20 is only valid for the Zone of
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Established Flow (ZEF), which is assumed to begin at 2D, < X < 3Dy, according to
Stewart (1992), Hamill and Kee (2016), and Hong et al. (2016). The maximum values
of the depth velocity distribution at the bottom level (C, = 0.7D, and C;, = 1D,,) ob-
tained with Eq. 2.20 are coincident with the absolute maximum velocities obtained
with Eq. 2.19 at the horizontal distances where the shear plate was located during
the experiments. It must be noted that Eq. 2.20 does not take the bottom effects over
the mean velocity distribution into consideration. Since the measured bed shear
stresses during experimental runs BSS3 and BS54 (plate located between 3.7D;, and
5.7Dy) are slightly higher than the ones in BSS1 and BSS2, the former are chosen
to relate the velocity to the maximum measured shear stresses. The distance to the
shear plate in BSS3 and BS54 is also in well agreement with the expected location of
maximum velocity at bed, 0.12 < C;,/x < 0.22 according to PIANC (2015), after the
research performed by Verheij (1983).
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FIGURE 2.13: Theoretical velocity distribution at each distance from
the propeller plane in case of 150, 300 and 450 rpm. The distances in
bold, within the red box, show the horizontal distances to the shear
plate during the experiments. The cross marks over the velocity pro-
file show the velocity magnitude at two depths, coinciding with the
experimental bed clearance distances (C, = 0.7D, and C, = 1D)).
The red cross marks show the theoretical maximum velocity at the
same depths, regardless of the axial distance. The horizontal brown
lines show the location of the bottom at each experiment.
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FIGURE 2.14: Predicted against measured shear stress using

Maynord’s model with both Egs. 2.20 and 2.19. (a) experiments BS54;

(b) experiments BSS3. The error bars show the absolute error between
the two repetitions at each experiment.

In Maynord (2000), it is recommended not to apply the proposed model in very
low bed clearance conditions, with a threshold of D,/C;, = 1.2 arguing a much
better performance at lower values. In the experiments performed, BS54 is above
that threshold (D,/Cj, = 1.43), while BSS3 is in range. In this Section, an effort is
made to compare the data obtained in the presented experiments with the proposed
model in Maynord (2000). Firstly, the experimental data is filtered with moving av-
erage filter with a window length equal to the sampling frequency, thus obtaining
filtered data at 1 Hz as in Maynord (2000). Then, the friction coefficient, explic-
itly proposed for hydraulically smooth beds in Maynord (2000), is adapted to the
present experiments over a rough bed according to the expression proposed by the
author (Cy,/Cys = 7.87dgb18 ). To obtain the peak bed shear stress (Tpeq) from the
experiments in this work, the time-averaged shear stress plus 3 standard deviations
is used. The model is therefore applied to the experimental data to prove the agree-
ment with the obtained results, as shown in Figure 2.14. Good agreement is found
between the predicted and measured results in case of experiment BSS3, especially if
Eq. 2.19 is used to obtain the bottom velocity. However, the predicted shear stress in
case of BS54 yields remarkable disagreements with the experimental results, being
the latter largely overestimated. Note that the measured bed shear stress is com-
puted as the mean value of the two repetitions performed at each experiment (Series
1 and Series 2 in 2.3.2).

Willing to fill the gap yielded by Maynord (2000) to estimate the propeller in-
duced bottom shear stress in low bed clearance scenarios (less than 1D,), the shear
stress is proposed as a function of S—’;, Up and C 7o In this case, time-averaged bed
shear stress values are used, since the validation of the instrument has been only
performed for time-averaged values so far. The use of the velocity at the bottom
is avoided, due to the existence of several formulations, each one yielding different
results. However, reliable measurements on near bed velocity would be desirable to
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T

calculated

FIGURE 2.15: (a) Fitted model to the experimental data of bed shear
stress; (b) Agreement between predicted and measured bed shear
stress.

relate the measured bed shear stress with the local flow conditions above the sed-
iment bed. Still, since linearity is expected between Uy and time-averaged values
of U}, the adjustment must exist for any of them, although difference between the

coefficients.

The model is fitted by means of a least squares regression, by optimizing the co-
efficients Cy and a in Eq. 2.21. U is obtained with Eq. 2.13 at the speeds of rotation
of the experiments BSS3 and BS54, with the Kt previously obtained in section 2.2.1.

1 Chvar 2
Although the best fit results in C r = 0.0014, 2 = —0.81 and R? = 0.992, the
adjustment is still in high agreement to the experimental data if the power coefficient
a is set to -1 and Cy is expressed as a function of (lg—’;)_l, as shown in Eq. 2.22, where
— Ciy-1
Cr= 0.0013(Dp) .

1
T = Epcfu%; (2.22)

In Figure 2.15, the results are shown according to Eq. 2.22, yielding R? = 0.989.
This is proposed as a reasonable option to estimate the induced shear stress in case

the propeller is operating in low bed clearance environments.

2.4 Discussion

The efflux velocity, Uy, has been traditionally considered a fundamental parame-
ter in the study of the propeller jet velocity distribution and induced scour, since
it is used as a scaling velocity to obtain the jet velocity distribution downstream the

propeller plane and the induced velocities at bed (see Section 2.3.3). To minimize the
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uncertainty associated to the calculation of the efflux velocity, the velocity field at the
efflux plane was measured and the propeller thrust coefficient was obtained with Eq.
2.13. Although efflux plane is a convenient term to define the horizontal distance to
the plane containing Uy, some uncertainty may be derived from the assumption of
the efflux plane location. One may argue that the maximum axial velocity is located
at the contraction plane, in accordance with Bernoulli. In this regard, BAW (2010)
recommends 0.5D, as the horizontal distance to the contraction plane, therefore to
the maximum axial velocity plane. Recently, Hsieh et al. (2013) confirmed that the
location of the contraction plane can be safely assumed to be located at an horizontal

distance of 0.5D, downstream the propeller plane by PIV measurements.

In the present work, consistent results are obtained from the velocity measure-
ments with the pitot-static tube, which allowed to perform a dense grid of velocity
measurements within the efflux plane, with a fairly simple and adaptable device.
The consistency in the turbulence intensity measurements and in the spectral den-
sity distributions confirms the suitability of the instrument to obtain velocity mea-
surements close to the propeller face if Uy is needed. Although relevant information
regarding the tangential and radial component of the jet flow are neglected using the
pitot-static tube, enough information is obtained to fit the scope of the experiments.
This is therefore proposed as a suitable instrument to validate the expressions in lit-
erature to any future work with similar propellers.

Once the Uy is characterized, the velocity distribution downstream the propeller
face can be estimated. The decay of the mean axial velocity has been studied by
several authors (e.g. Fuehrer and Romisch (1977), Blaauw and Kaa (1978), Stew-
art (1992), and Hamill and Kee (2016)), all of them proposing empirical equations
to obtain the maximum axial velocity at any distance from propeller plane. Under
the assumption of axisymmetric flow and a dynamically similar diffusion process,
once the axial velocity is known, the velocity distribution can be characterized by a
Gaussian distribution function of the form of Eq. 2.20. Recent research performed
by Hong, Yeh, and Chiew (2020) proposed an analytic method to obtain the axial ve-
locity magnitude and distribution using the point-source method of Pani and Dash
(1983). In the present work, the equation proposed by Blaauw and Kaa (1978) is used
to estimate the velocity distribution downstream the propeller face, at the positions
of the shear plate. The maximum velocities at the bottom depth are located over
the shear plate positions in the experiments (2.7D), < X4, < 5.7D), see Table 2.2).
Since BSS3 and BSS4 experiments (plate located at 3.7D), < X, < 5.7D)) yielded
slightly higher mean bed shear stresses than BSS1 and BSS2 experiments, the former
are used to relate the maximum bed shear stress with the flow velocity. Eq. 2.19
is used to obtain the maximum bottom velocities, as proposed in Maynord (2000),
to validate the model with the performed measurements. The method proposed
by Maynord (2000), to estimate peak bed shear stresses, yielded good agreement
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with the experimental results in case of BSS4 experiments, where D, /C;, = 1is in
range with the recommendations by the author. In case of BSS3 experiments, where
D,/Cy > 1.2, out of the recommended range, the experimental results are largely
overestimated.

Since no other models exist in literature to compute the bed shear stress in the
present conditions, an adjustment of the experimental data is proposed to obtain the
mean bed shear stress due to propellers in low bed clearance situations (D,/Cj, >
1.2). No experimental measurements on bed velocity were available to validate any
of the aforementioned methods, therefore the measured bed shear stresses are re-
lated with the Up through the empirical coefficient Cy. In this case, the Cs is in-
versely related to the bed clearance (see Eq. 2.22). Still, accurate near-bed velocity
measurements are considered highly relevant to this research, and must be the focus
of further work. The measurement of velocity profiles over the shear plate, including
near-bed velocity measurements, would provide interesting insights to the results,
allowing the validation of the shear plate measurements with indirect computation
of bed shear stress. Several methods to compute the bed shear stress from velocity
measurements close near the horizontal bed are mentioned in the introductory sec-
tion of this Chapter.

Experience in literature can be used to qualitatively compare the performed ex-
periments with the expected velocity measurements over the shear plate. Recently,
Wei, Chiew, and Cheng (2020a) performed an experimental work with PIV to mea-
sure the characteristics of the propeller jet constrained by an horizontal boundary,
obtaining clear results on the spatial distribution of the bed shear stresses. This re-
search is in line with Hsieh, Low, and Chiew (2016), Wei, Chiew, and Hsieh (2017),
and Guan et al. (2019), where the same system was used to obtain highly spatial
resolved velocity measurements that allowed to obtain the linear velocity gradient
in the viscous sub-layer, therefore the shear stress. In their work, shear stresses be-
tween 0.2 and 0.3 Nm ™2 are obtained for a small scale propeller of D, = 7.5 cm
with Uy = 0.424 ms~!. Since the measurements are performed over a hydrauli-
cally smooth surface and at C;, = 1D,, Maynord’s equation is directly comparable
to their results, computing the U, with Eq. 2.19. In this conditions, a bed shear stress
of T ~ 0.2Nm~2 is obtained, in range with the results in Wei, Chiew, and Cheng
(2020a). The applicability of Maynord’s equation in the present work is also proven
in case of C;, = 1D, (see Figure 2.14 (b)). According to Wei, Chiew, and Cheng
(2020a), the maximum shear stress in streamwise direction in case of a free propeller
at C;, = 1D, is found at a distance x = 4.3D,, and centered in the propeller axis. In
Wei, Chiew, and Hsieh (2017), for the same conditions and propeller, the impinge-
ment region can be located between 1 and 2 D, while the wall jet is formed between
3 and 4 D,. In case of a propeller with C;, = 0.5D,, a wall jet exists already at a dis-
tance x =2D,. Considering the former, the measurements in this work can be located
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at the wall-jet region, while the maximum shear stresses can be located at the center
of the shear plate, in case of BSS3 and BS54 experiments, which is the area of interest.

Although it is widely accepted that the induced shear stress is the driving force
that cause bed scour, no systematic empirical research in bed shear stress induced
by propeller jets has been published so far. Nevertheless, some attempts have been
made in the past to propose empirical friction coefficients to estimate the bottom
shear stress in case of propeller jet flow with different methods (Wei, Chiew, and
Hsieh, 2017; Hong et al., 2016; Maynord, 2000; Blaauw and Kaa, 1978). Because
of that, a reliable estimation of the shear forces over the sediment bed is needed
to advise the potential damage that a ship may cause when navigating in low bed
clearance environments, including scour, high sediment concentration in the water
column or re-suspension of contaminated sediment. With the proposed model in
Eq. 2.21, an average value of bed shear stress is obtained as a function of Uy and the
bed clearance. It is known, however, that peak values of shear stress are highly rele-
vant to the incipient motion, resuspension and transport. The analysis performed in
Appendix B with the long-series and the 6 repetitions of BSS1 yielded CV of 100%,
which indicates a highly fluctuating phenomenon that may cause considerably high
peaks of pressure over the individual grains. The other experiments yielded lower
variability, with CV between 70% and 85%. This is, again, once averaging the forces
over the 0.1 m? area. Still, uncertainty due to the estimation of the variability of the
measurements cannot be assessed at this point yet. As mentioned previously, inde-
pendent validation of the measurements is still needed to provide a reliable range of
shear stress fluctuations under the present experimental conditions. Because of that,
further experimental work is necessary to evaluate the fluctuations of the measured

bed shear stress during longer time-series.

The development of the instrument is considered a benchmark to future research,
with different bottom roughness to study the influence of this parameter in the mea-
sured shear stress. Different roughness must be tested under propeller jet at the same
conditions of the herein presented experiments to obtain useful results that may
have application at field to design bottom protections at harbors and slope banks
protections in navigable channels, in case of unconfined propeller jets. Experiments
in the same conditions over hydraulically smooth bed are considered interesting to
validate the expressions proposed in literature and already mentioned in this Sec-
tion.

2.5 Concluding remarks

* The Pitot-static tube coupled to the differential pressure sensors is proved to
be a simple and adaptable method to obtain the time-average velocity distri-
bution along parallel planes to the propeller face.
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A shear plate has been developed and successfully tested at the LWI to obtain
the time-averaged bed shear stress caused by a propeller model over a roughed
horizontal bottom for the first time.

Results are in accordance with the expected behavior, being the shear stress a
function of the squared efflux velocity and the friction coefficient.

The model proposed in Maynord (2000) show good agreement with the ex-
perimental results in one of the experimental conditions (C, = 1D,), but no
satisfactory results are obtained by this method at lower bed clearance dis-

tance.

A new empirical model is proposed to obtain the bed shear stress due to un-
confined propeller jets over roughed beds in case of low bed clearance condi-
tions.
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Chapter 3

Local scour due to twin-propeller
confined jet

3.1 Introduction

The use of marine propellers causes any vessel navigating or maneuvering in a har-
bor to induce erosion over the seabed when the bed clearance is not large enough.
The high-speed wash coming out of the propeller eventually reaches the seabed,
either due to its free expansion or the interaction with a port structure such as a
berthing quay. Later, the sediment is resuspended and transported, thus leading to
a scour hole. The magnitude of the scour hole can be important and therefore cause
several problems if not noticed and managed in due time. Structural stability of
the marine structures and accumulation of sediment in navigable channels, there-
fore reducing its operational draft, are two of the main problems arisen due to ship
propellers induced scour. References of this well documented problem are found in
several bedside books in this topic, such as Gaythwaite (2004), Hoffmans and Verheij
(2021), Whitehouse (1998), and Sumer and Fredsee (2002).

The study of the propeller induced erosion has been traditionally performed ex-
perimentally in physical models. The propeller jet properties and their effects over
the sediment bed have been of importance during the past and recent years. Lam
et al. (2011) published a literature review on the experimental studies on propeller
jets during the last decades, showing the different empirical and semi-empirical ex-
pressions developed to characterize the propeller jet, mostly focused on local scour
studies. They collected the different methods to obtain the efflux velocity (Up) pa-
rameter, the decay in the axial velocity with the axial distance, or the velocity at the
seabed as a function of the efflux velocity. More recently, Wei, Chiew, and Cheng
(2020b) published an exhaustive review of the propeller induced scour recent and
past research, including both the local scour research performed at physical mod-
els and recent studies in flow behavior during the scour process performed by PIV.
Traditionally, two main research lines have been followed in propeller induced local
scour: unconfined scour and confined scour. The former assumes the free expand-
ing of the propeller jet flow while the latter considers the interaction of the jet flow
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with port structures (closed or open quays). Between them, research in scour due
to confined propeller jets have received much less attention, and not many articles
are found in literature about the topic. In case of confinement by a closed quay
wall, only Hamill, Johnston, and Stewart (1999) and Cui et al. (2020b) proposed an
expression to determine the expected scour depth due to single and twin propeller

jets, respectively.

Besides the experimental research in physical models, several studies have been
performed in-situ to validate all the empirical or semi-empirical equations coming
out from the laboratory. The applicability of the laboratory expressions is discussed,
for instance, in Roubos, Blockland, and Van Der Plas (2014). In Mujal-Colilles et al.
(2017b), bathymetries of the harbour basin are used to validate some of the equations
existing in guidelines using real vessel and maneuver data as input to the models.
Blokland and Smedes (1996) proposed one of the most used methods to analytically
estimate the propeller induced velocity at seabed from field tests too. Abramowicz-
Gerigk et al. (2018) studied the bow thrusters induced currents by large ships and
successfully test the expressions proposed in PIANC (2015) for the most common
ferry-type vessels at Gdynia port.

The last years have witnessed the growing trend in numerical studies in all
branches of fluid mechanics and sediment transport. Several numerical studies have
been performed in propeller jet modeling over the last two decades. The earlier refer-
ences are included in Carlton (2012), although a considerable number of more recent
articles, mostly focused on propeller design, noise reduction, cavitation, etc., have
been published in this field (Ahmed, Croaker, and Doolan, 2020; Sun et al., 2018;
Usta and Korkut, 2018). Focusing on the flow evolution of a twin propeller, Cui et al.
(2020a) recently published a combination of numerical and experimental research on
the axial evolution of the twin propeller jet velocity and turbulence intensity. More
recently, Guarnieri et al. (2021) studied the erosion effects of the large commercial
vessels over the sediment of the port of Genoa through a numerical study, consid-
ering the propellers position as a movable flow input, and studying the effects over
the sediment with the hydrodynamics and mud transport models MIKE 3 FM.

In reality, multiple types of propellers and ships are found, meaning that it is
difficult to generalize when analyzing the effects of the propeller jets. However,
some types of ships are commonly associated with a specific propeller type. For in-
stance, ferry and RO-RO ships are commonly associated with stern twin propellers,
combined with one or two bow thrusters to maneuver. These are one of the most
common ships transiting Mediterranean ports (Marzano et al., 2020) and are object
of the present work. Depending on the port, the characteristics of the sediment can
differ in orders of magnitude. Sediment has been traditionally a problem in scaled
physical models, because of the impossibility to scale sediment if the geometrical
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scale is too large. The use of several sediment sizes usually permits to account for
a wide range of sediment types, although there is a need to validate any expression
obtained at laboratory in field cases to study its applicability, since the magnitude of

the scale effects are uncertain.

The present chapter presents an experimental study performed at the Labora-
tori d’Enginyeria Maritima (LIM), at the Universitat Politécnica de Catalunya (UPC-
BarcelonaTECH), with a twin-propeller model in confined condition, i.e., near a ver-
tical boundary. Typical RO-RO and ferry ships propellers are modeled in the pre-
sented set of experiments, aiming at studying their effects near the harbor structures,
where they operate with daily basins. Mujal-Colilles et al. (2018) presented the ini-
tial set of experiments, and the present contribution increases the scenarios in pitch
ratio and, more importantly, improving the measuring area by reaching to up to 0.05
m to the vertical wall, allowing the analysis of the local scour at the closest locations
to the vertical wall. With the obtained results, a new empirical relationship between

maneuvering conditions and scouring action is presented.

The current chapter is divided in the following sections: The description of the
physical model and the experiments is provided in Section 3.2. The experimental re-
sults are presented in Section 3.3, focusing on the evolution of the morphology of the
scour hole (Section 3.3.1), the evolution of the maximum scouring depth (Sections
3.3.2 and 3.3.3), the comparison with existing formulae in literature (Section 3.3.4)
and the dimensional analysis to propose the new model (Section 3.3.5). Results are
discussed in Section 3.4. Finally, conclusions of this work and recommendations for

further research are provided in Section 4.6.

3.2 Experimental Setup

The following sections (3.2.1, 3.2.2 and 3.2.3) describe the physical model where the
experiments were performed, the scaling considerations and the set of experiments
performed at the model, respectively.

3.2.1 Physical model

The experiments presented in this chapter were conducted in a medium-scale water
tank named LaBassa. LaBassa is a 12.5 x 4.6 x 2.5 m concrete basin with moving-bed
of uniform sand equipped with two different mobile bridges. The mobile bridges
allow longitudinal movement along the tank length so that the longitudinal posi-
tion is adjustable. A twin-propeller model and a pair of echo-sounders are installed
on each bridge. The first is fixed at the tank centre-line, while the last are moved
transversely by a mechanical belt. During the present experiments, the twin pro-

peller model was located in the propeller’s bridge, in a position close enough to the
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FIGURE 3.1: 3D and picture of LaBassa basin.

TABLE 3.1: Propeller model and sediment characteristics

Propeller diameter D, 025m

Distance between axes ap 0.5m
Propeller pitch ratio i 1.0
Blade Area Ratio (B.A.R) S 0.75
Sediment diameter dsp  0.250 mm
Sediment diameter doop 0.375 mm

vertical quay wall (in advance Front Wall (FW)) to ensure a confined flow condi-
tion. This set-up aims at studying the effects of a confined twin propeller jet over
the sand bed near a vertical boundary. A 3D sketch in Figure 3.1 is included with
a picture of the basin and the twin propeller system to the good guidance of the
reader. In the present experiments, scour due to both forward (FWD) and backward
(BWD) rotation of the twin propellers is studied by conducting two different sets
of experiments in the same conditions: Forward (FWD) and Back & Forth (B & F).
FWD experiments are performed with consecutive runs of forward rotation, while B
& F experiments combine alternatively forward and backward rotation. The experi-
ments are explained in detail in subsection 3.2.3. The main characteristics of the twin
propeller model and the sediment used in the present experiments are summarized
in Table 3.3. Note that the propeller model is the same propeller named Prop2 in
Chapter 2 of this dissertation.

3.2.2 Scaling of the experiment

The present model is scaled from typical RO-RO and RO-PAX vessels, with twin pro-
pellers diameter up to D, = 6 m and a range of propellers speed of rotation between
90 and 140 rpm. These kind of ships usually operate with daily basins in most of
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the Spanish Mediterranean ports with short sea shipping industry (Castells-Sanabra
et al., 2021; Marzano et al., 2020). The twin propeller system, combined with trans-
verse thrusters, allows these vessels to maneuver by their own means, i.e., with no
need of tug assistance, in small harbor basins with low Under Keel Clearance (UKC)
(defined as the 30% or less of the static draft of a ship according to IMO (1993)) and
short distances to closed berthing quays. The nature of their commercial activity
makes these ships to perform the same maneuvers every day at the same basins,
thus having an accumulative effect over the sediment bed. These maneuvers have
a total duration of around 25 minutes/maneuver with an accumulated time of 600

maneuvers per year.

To fulfill the similarity requirements, the Froude number (Fr) is used to scale
the dynamic effects (see Eq. 2.14, in Chapter 2), considering also the Reynolds self-
similarity theory by ensuring high enough Reynolds number (Re > 10°) of the flow
(see Eq. 2.15, in Chapter 2) and the propeller (see Eq. 2.16, in Chapter 2) to neglect
scale effects due to viscosity. Moreover, the range of densimetric Froude numbers
(Fry) (Eq. 3.1) covered by the presented experiments is higher than in many of the
existing laboratory studies in propeller induced scour, where a considerably lower
range ( 5 < Fry < 15) is usually found (Tan and Yiiksel, 2018; Hong, Chiew, and
Cheng, 2013; Cui et al., 2019; Cui et al., 2020c; Hamill, 1987). However, scale effects
due to the sediment size must be expected since the densimetric Froude number at
prototype situation may reach Fr; ~ 170 in case of big ships over fine sand sediment
(Mujal-Colilles et al., 2017b). Table 3.2 summarizes the range of non-dimensional pa-
rameter values covered by the present experiments, according to the results yielded
by Egs. 2.14,2.16, 2.15,2.17 and 3.1.

Fry = __ (3.1)
gdso(5: — 1)

TABLE 3.2: Summary of non-dimensional parameters

Fr Ref x10° Rep, x 10°  Fry

1.01-1.34 3.94-5.26 1-133 23-31

3.2.3 Set of experiments

To study the scouring effects of the twin propellers nearby a vertical wall, a set of 24
experiments in confined scour is presented, as summarized in Table 3.3. The exper-
imental conditions are included in the table and shown in the sketch in Figure 3.2.
The experiments covered 2 horizontal distances to the FW, or wall clearance (Xy),
and 2 distances from the propeller axis to the sand bed, or bed clearance (Cj,) at 3
propeller speeds of rotation (). In Figure 3.2, the dashed lines show a characteristic
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ship according to the geometric scale used in these experiments (A = 1/25). The
grey structure in the upstream part of the propellers was covered by a solid steel
plate, trying to reproduce the effects of a ship hull with a large block coefficient,
such as RO-RO or RO-PAX ships.

TABLE 3.3: Summary of experiments

Regime X, C, n(rpm) time(s) exp#

300 1800 1

Cpin 350 1800 2

i 400 3600 3
“ 300 1800 4
Cpax 350 1800 5

B &F 400 1800 6
300 3600 7

Cpin 350 3600 8

soma 400 3600 9
v 300 1800 10
Cpax 350 1800 11

400 1800 12

300 1800 13

Cpin 350 1800 14

i 400 3600 15
v 300 1800 16
Cpax 350 1800 17

EWD 400 1800 18
300 1800 19

Cpin 350 1800 20

soma 400 1800 21
“ 300 1800 22
Cpax 350 1800 23

400 1800 24

During each experiment, the propellers were started and stopped every 5 min-
utes and the whole measuring area in Figure 3.2 was scanned. The scanning was
performed by 2 @ULTRALAB UWSIM Echo Sounders with accuracy of 1%. The
echo-sounders were mounted nearby each other, separated by 7.5 cm, over the mov-
ing bridge. A total of 38 longitudinal profiles were obtained at 40Hz sampling rate,
containing the bed elevation. Laser lectures of longitudinal and transversal distance

to a reference point were obtained simultaneously allowing to locate every single
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measure of the echosounder and generate a 3D grid of the measuring area. A three-
dimensional surface was interpolated to the scattered data in the input vectors, ob-
tained from the echo-sounders measurements. The interpolation was performed
over a grid with transversal and longitudinal resolution of 1 cm by surface linear
fitting. An example of a 3D grid is shown in Figure 3.3.
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FIGURE 3.2: Sketch of LaBassa basin.

time = 30 min

FIGURE 3.3: 3D Grid obtained at Exp # 21.

The total time for each experiment is set to 30 minutes (1800s), with some exper-
iments being extended up to 60 minutes (3600s) to observe the further evolution of
the scour profiles in different scenarios. The regime column in Table 3.3 states for the
Forward (FWD) or Back & Forth (B & F) rotation, as mentioned in sub-section 3.2.1.
In FWD regime, the propellers counterrotate (inward rotation) and the induced flow
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is directed towards the FW during the total duration of the experiment. In B & F
regime, the propellers rotation changes intermittently every 5 minutes from back-
ward (BWD) to forward (FWD) rotation and the induced flow is directed first to-
wards the unconfined part of the tank (BWD rotation), where the propeller support-
ing structure is located, and after to the FW (FWD rotation). The intention behind
the B & F experiments is to compare the results from the traditional experiments,
with steady FWD rotation, with the results obtained by combining BWD and FWD
rotation. The last is considered to be a set-up closer to the reality of a ship near
the wall, which berths and unberths by combining backward and forward propeller
rotation (Guarnieri et al., 2021; Llull et al., 2020).

3.3 Results

Propeller induced scour is a three-dimensional process of sediment resuspension
and transport that happens over a mobile sediment bed in response to the forcing
by a single or multiple propeller jet. The time dependent scour process is described
in this section for the case of a confined twin propeller system, to show the more
important characteristics of the scour hole with special attention to the maximum
depth. Particularly, the twin propeller confined scour process is described with con-
tour plots focusing on the eroded areas and their evolution with time.

In twin propeller systems, jets are originated separately from each propeller and
they are not initially influenced by one another. However, at a certain distance,
which depends mainly on the distance between propeller axes and the propeller
speed of rotation, both jets merge into a unique jet (Jiang et al., 2019; Mujal-Colilles
et al., 2017a). The merged jet impinges the seabed and causes a developing scour
hole (in advance HBH hole since it develops far from the front wall, in the Harbour
Basin). This local scour hole is enlarged along the axial flow direction while ex-
pands symmetrically from its maximum depth longitudinal profile until it reaches
the equilibrium. When rotating in the FWD direction, the influence of the front wall
contributes to an important scouring process at its toe, downstream of the HBH
hole. This second hole (in advance FWH hole) grows radially in the XY plane, from
the twin propeller central axis—wall plane intersection. Both scour holes eventually
merge, if equilibrium is not reached before, becoming a single main hole. The de-
scribed process can be observed at 10 minutes time intervals in the contour plots
showed in Figure 3.4 (a) and (b). In these cases, the mid speed of rotation scenario
(350rpm) is chosen as the most representative of all the experiments. The contour
plots corresponding to the whole set of experiments, at 5 minutes time intervals, are
included in the Appendix D.1.

One of the most relevant features of all the experiments analyzed is that C""
cases induce a deeper HBH hole than C;*** ones, while contrarily, the latter yields a
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FIGURE 3.4: 2D contours of the plain view. (a) Exp # 20: Ch’"i", X,

FWD regime, 350rpm; (b) Exp # 17: C}"¥, X%in, FWD regime, 350rpm.

The vertical black solid line shows the propellers plane position (X**
= 10Dy, X = 7Dy,).

deeper scour hole near the front wall. The same pattern is observed in Mujal-Colilles
et al. (2018). The larger the propeller bed clearance, the lower is the influence of the
horizontal boundary and therefore, a more energetic jet reaches the vertical struc-
ture, thus inducing a deeper FWH hole. The wall clearance is related to both the
depth of the FWH hole and the merging of the HBH and FWH hole. This effect is
clearly visible in Figure 3.4 (a) and (b), where the two paradigmatic scenarios, i.e.,
propeller located close to the bed and far from the wall or far from the bed and close
to the wall, are shown. The condition of merged or no-merged holes is related to the
development of the scour hole and is analyzed in detail in Section 3.3.1.

As previously explained, B & F scenarios (Figure 3.5 (a) and (b)) aim to be more
realistic in terms of reproducing arrival and departure ship maneuvers, where the
propellers are used mostly in backward and forward regimes, respectively. In these
experiments, a new scour hole is formed upstream of the propellers plane (HBA,
Harbour Basin Area), due to the backward (BWD) rotation. In advance, this scour
hole will be referred as HBHpyyp hole. The structure nearby the propellers, simulat-
ing the ship hull, deflects the jet flow and causes the scour hole to be closer in this
regime than the hole at the harbor basin area due to forward rotation, in advance
HBHprwp hole. The behavior of the backward flow is obviously not comparable to
a free developing jet, and neither is the scour hole created. The HBHpgwp hole, al-
though of considerable depth in some of the experiments (~1.5D}), does never reach

Z (m)

Z (m)
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to merge with the FWH hole and a very clear separation always exist between them.
It is thus considered that they must be object of an independent analysis. This par-
ticular behavior is detailed in Section 3.3.2.

The HBA area downstream the propeller plane, where the HBHfp hole is found,
is not highly eroded in the B & F experiments. A different behavior is observed in the
downstream holes, compared to the FWD experiments. The suction of the propellers
when rotating backward and the accretion area in the surroundings of the HBHpwp
hole may be of importance, contributing to an erosion-refilling process that keeps
the morphology in the HBHryyp less affected in comparison with its analogue (HBH
hole) in FWD experiments. In Figure D.7 (Appendix D.1), for instance, it is observed
that the HBHrwp hole is reduced at t = 15min, respect to t = 10min, and the same
happens at t = 25min, respect to t = 20min. At t = 15min and t = 25min, the backward
rotation just finished, while at t = 10min and t = 20min the forward rotation just did.

(a) 10min 20min 30min
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FIGURE 3.5: 2D contours of the plain view. (a) Exp # 8: C}'f‘i”, X5+, B

w
& F regime, 350rpm; (b) Exp # 5: C}'™7, Xmin B & F regime, 350rpm.
The vertical black solid line shows the propellers plane position (X},
= 10Dp, XZ)’llVl = 7Dp).

3.3.1 Maximum depth profile

The evolution of the maximum scouring depth profile is a key to obtain both the po-
sition of the maximum expected depth and the maximum length of the entire scour
hole. These geometric characteristics are needed to estimate parameters of interest
such as the eroded volume (Penna et al., 2019). In the current experiments, due to
the distance between the twin propellers (a,), a single scour hole is observed as the
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FIGURE 3.6: Transverse profiles at the three scour holes location in

FWD experiments (solid line) and B & F experiments (dashed line)

for a speed of rotation n=350rpm. (a) C['"", X%; (b) C/"e%, X", (c)

Agreement between the maximum depth and depth at the center-line

at the same X position along the whole measurement grid, for all the
experiments and time intervals.

bed morphology evolves, as seen above (Figures 3.4 and 3.5). The centre-line pro-
file, located between the twin propeller axes, is considered to be the longitudinal
axis from where the scour hole expands symmetrically. Figure 3.6 (a) and (b) shows
the transverse profiles at the location of the maximum depth of every scour hole.
Both FWD and B & F experiments are considered. The maximum depth at every X
position along the whole measurement grid, with AX = 0.01m, is compared with
its corresponding center-line depth measured at the same X coordinate (for depths
higher than 0.1m). The agreement, in Figure 3.6 (c) indicates that a negligible error
is committed if the maximum depth profile is assumed to be in the center-line (rmse
= 0.005 m). Thus, the following analysis of maximum scour depth in this chapter is
focused on the center-line profile.

The center-line profiles evolve differently depending on the experimental con-
ditions. In every profile, the separation between the FWH hole and the HBH hole
is found by locating the local maximum between the FWA area and the HBA area.
The method is based on the calculation of the first derivative at each position and
is explained in detail in Appendix C. Figure 3.7 (a) to (d) shows that this maximum
is found in some of the experiments (solid line profiles), although not in all of them
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(dashed line profiles), due to the merging of the two holes.

Since the morphological differences (one or two holes in the maximum depth
profile) depend not only on the experimental conditions, but also on time, central
profiles are categorized as follows: no-merged, transition to merge and merged profiles,
according to the methodology detailed in Appendix C.

Figure 3.7 clearly shows that, in FWD experiments, X" scenarios (Figure 3.7 (a)
and (c)) tend to yield a merged profile, while Xj}** experiments (Figure 3.7 (b) and
(d)) preserve the initial two-hole shape. This is especially true in C"'" cases, where

the HBH hole is much more developed than in C}** experiments.

The longitudinal profiles in B & F experiments are categorized into no-merged
and merged profiles according to the same criteria explained for FWD experiments
(see Appendix C). In these experiments, the main hole far from the FW appears due
to the backward rotation (HBHpwp hole), while the HBHrwp and FWH holes are
the ones that may merge or keep the two-hole shape. In Figure 3.8, merged profiles
are observable (dashed lines) in the X" cases (Figure 3.8 (a) and (c)), while the no-
merged profiles are found in X;** experiments (Figure 3.8 (b) and (d)). This is in
accordance with the results in FWD experiments. In case of B & F experiments, al-
though the propeller’s forward rotation time is reduced to the half (compared with
FWD experiments), the maximum scour depth at the FW barely changes between



3.3. Results 49

(a) (b)
0.5 ¢ 0.5 | ' ' ' ' ' Omin
N -
0o I % ") f' IS 0 Pa mu—}
AR / J —— 10min
=050 T W 05 15min
% jl ."' . w4 —— 20min
-1 iy -1 25min
-1.5 I M -15 —— 30min
D, i
-2 I 2
© 0 2 4 6 8 1012 14 @ 0 2 4 6 8 1012 14
C

0.5 0.5

N -

i i
[ [
o 7 o
| N A I )
=05/ AN '.' 05 |

a Vit W\ A |

R

| ; I,

I

I

|

Z/

-1
1540

[
I
[
) 2 0
0 2 4 6 8 1012 14 0 2 4 6 8 1012 14

X/D X/Dp

P

FIGURE 3.8: Longitudinal profiles of B & F experiments at 400 rpm.
(a) CZ%IX, annn,. (b) CZ%IX, anmxl. (C) CZZI?II Xﬂw”lli’l, (d) Cznn, X%ﬂx'

both scenarios. This behavior is analyzed through the time evolution of the maxi-
mum scour depth, in Section 3.3.2.

3.3.2 Time-series of maximum scour depth
Maximum depth at the Front Wall

The different evolution in the maximum scour depth near the FW is observed in Fig-
ure 3.9, both in case of X" and X!~ (Figure 3.9 (a) and (b), respectively), at each Cj,
and regime (FWD and B & F). Note that the reference time in this figure is modified
to fit only the forward rotation time to facilitate the comparison between FWD and
B & F scenarios. The time series in this figure includes the long experiments (up to
60 minutes) summarized in table 3.3.

Figure 3.9 shows that in all cases, C""" experiments (red lines) in B & F regime
(solid lines) yielded higher scour depths near the front wall than their correspond-
ing FWD experiment. In case of C}'** (blue lines), FWD and B & F experiments show
an almost identical behavior at minimum wall clearance, i.e., X!"" (Figure 3.9 (a)).
On the other hand, in X{}** experiments (Figure 3.9 (b)), B & F experiments yielded
again higher depths at the FW, at any time.

In Figure 3.9 (a) (X", the maximum depth evolution exhibits a change in the
growing trend, pointing to the stabilization of the maximum scouring depth, at the
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FIGURE 3.9: Evolution of maximum depth at FW. Experiments at
400rpm. The arrows show the merging time. (a) Xi}""; (b) XJ;**. The
reference time in the figure is adjusted to fit the forward rotation time.

same FW depth (~ 2D,) in all cases. In case of FWD experiments, the change in the
trend is found just after the profile becomes merged. In case of B & F, although the
profiles are merged at an earlier time, the stabilization is reached at the same depth
than at FWD ones, meaning that the FW hole morphology evolution may be condi-
tioned by the different regime (FWD or B & F), but the maximum scouring depth do

not necessarily change.

In case of mid or low speed of rotation (350 rpm and 300 rpm), the behavior
observed in the scour profiles does not change substantially, compared to 400 rpm.
In general, the scour depth is reduced and the merging, if exists, is delayed with
the lower speed of rotation. The scour depth evolution and the longitudinal profiles
in case of mid and low speed of rotation scenarios are shown in Appendix D.3 and
Appendix D.2, respectively. Remarkably, clear differences are observed in case of B
& F experiments, depending on the wall clearance. In these experiments, minimum
wall clearance yielded higher scour depths at any speed of rotation, regardless of
the C;, variable. In case of FWD experiments, not such a clear difference is observed,
being the Cj, variable also significant in the scour depth evolution. The maximum
depth near the FW is studied in detail in Sections 3.3.4 and 3.3.5.

Maximum depth at the Harbor Basin. FWD experiments.

In FWD experiments, the evolution of the HBH is plotted in Figure 3.10 for each ex-
periment, at each speed of rotation. These figures show that, regardless of the speed
of rotation, only X{’(}i” experiments end up with a merged profile, being this feature
highly related to the wall clearance. Once the profile is merged, only one scour hole
is found and the position of the maximum depth becomes the same for both FWH
and HBH holes. The experimental time step at which the merging occurs is shown
in Figure 3.10, with black arrows. Since the equilibrium depth is not reached, longer
experiments are needed to evaluate the final condition of each experiment. Due to

the growing trend in the FWH hole in case of X)** experiments (Figure 3.10 (b)) it is
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presumable that merging of the two holes can eventually occur.

The evolution of HBH holes at different wall clearance distances, both in CZ””
and C;'™* scenarios, is comparable up the merging process occurs. However, the C;,
variable clearly conditions the maximum depth in the present experiments, reaching
~ 1D, in case of C"" and less than ; Dy, in case of C'**. Interestingly, the maximum
depth in the HBH does not overcome ~ 1D, in any case. Indeed, in case of CZ”“,
X™min (3.10 (c)), the maximum depth evolution behaves as an equilibrium depth when
reaches the mentioned threshold, until the profile becomes merged. After that, as
seen in Fig 3.9, the whole profile tends to the stabilization. One can compare the
time-series in Figure 3.10 (c) with their corresponding longitudinal profile evolution
in Figure 3.7 (c) (XM, CZ””) to observe the relation between the maximum depth
in the HBH hole and the evolution of the morphology of the scour profile. Att =
10 min, the maximum scour depth of ~ 1D, is reached and no further growing is
observed. However, the downstream boundary of the scour hole is being eroded
due to the effect of the wall. At t=25 minutes, the downstream boundary of the
scour hole already reached the same depth (~ 1D,) as the maximum scour depth at
the HBH hole. At this point, the profile becomes merged. The further development

of the merged profile, up to 60 minutes, is observed in the time-series.
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Maximum depth at the Harbor Basin (B & F experiments)

During the B & F experiments, scour holes due to backward rotation appears at the
upstream side of the propellers (the opposite of the front wall) as shown previously
in Figure 3.5. The time-series in Figure 3.11 show the evolution of the maximum
depth at the HBHpyp holes, at each experiment. A coincident behavior is observed
at X" and X"*, since the effect of the wall is not relevant during backwards rota-
tion. Therefore, the X" and X!'%* time-series are considered just as experiments to

prove repeatability.

Some differences are observable between the maximum scour depth at C/"" (Fig-
ure 3.11 (a) and (c)) and at C}"** (Figure 3.11 (b) and (d)), yielding the latter slightly
lower values of eroded depth. Since both scenarios can be considered as low bed-
clearance conditions, a big difference is not observed. Differences due to the pro-
pellers speed of rotation are present in all cases, showing consistency in the results,
although they are not of considerable magnitude. Still, the well-defined evolution of

all the experiments shows agreement with the expected results.

In these time-series, a common behavior is observed for any experimental con-
dition: rapid growing at the first 5 minutes and maximum depth stabilization at an
approximated scour depth of ~ 1D,. After that, an erosion refilling process is ob-
served in the maximum depth time-series, similar to the expected in case of live-bed
scour, due to the change between Forward and Backward rotation.

The scour depth does not substantially change from ¢+ = 5 minutes to the end
of the experiment (either 30 or 60 minutes), compared with the huge increase at
the first time step. For instance, considering the scenarios of maximum propeller
speed of rotation, the increase in maximum depth between 15 and 25 minutes (i.e.
5 minutes of forward and 5 minutes backwards rotation) at the HBHgyp hole, in
average, is 0.0035 £ 0.001 m per minute, which is of the order of magnitude of the
sediment diameter. Considering all the experiments, the average depth increase be-
tween 15 and 25 minutes is 0.017 £ 0.006 m, which corresponds to a 6 £ 0.8 % of
the total depth. Moreover, the profiles up to 60 minutes do not show any significant
increase in the maximum depth evolution. Therefore, although some increase may
be expected in case of longer experiments, the asymptotic or equilibrium depth is
assumed to be close to the measured scour depth at t = 25 minutes (the last time in-
terval with backwards rotation in common at all the experiments). Considering the
depth at 25 minutes as the equilibrium depth, used to normalize every scour depth
at any time, the general model in Eq. 3.2 is adjusted to the experimental data. Note
that in this case, the time is re-scaled to fit the backwards rotation time.

Sm,t

5 = 1-— exp[A(i)B] +C (3.2)

T
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FIGURE 3.11: Evolution of maximum depth at HB. Only B & F exper-
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where:

Sm, = Scour depth at the HBHpwp at any time (f) (m)
Sm,e = Maximum or equilibrium scour depth at each experiment (m)

With t in seconds, and T being the time-scale, which is the value of the speed of
rotation (s~!). The adjustment yielded A = —0.01, B = 0.7 and C = 0.006, with an
R? = 0.995. The adjustment and the agreement are shown in Figure 3.12, grouped
by Ch.

As seen in the time-series in Figure 3.11, the maximum scour depth (S, ¢) can be
defined as a function of the bed clearance (Cj,) and the speed of rotation (1), since
these are the variables conditioning the scour process in case of backward rotation.
Considering the maximum depth (at t = 25 minutes) as the equilibrium depth at
each experiment, Eq. 3.2 is adjusted to predict S, . as a function of the experimental
variables. The Uy is not included in this analysis, since there is no experimental
evidence that one can assume the efflux velocity to be equal to the induced velocity
in backwards rotation. Instead, nD, is included in the Froude number in Eq. 3.3.

B Cnye 3.3
)(Dp) (3.3)

D
:A(n 4

Dy v/ 8Dp
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FIGURE 3.13: a) Adjusted model to the HBHpp data. (b) Agreement
between predicted and measured dimensionless scour depth.

The best fit for the adjusted model yielded R? = 097, with A = 1.21, B = 0.96
and C = —0.65. However, if the coefficients B and C are fixed to 1 and -0.5, respec-
tively, the maximum scour depth, normalized with the propeller diameter, is propor-

tional to the Froude number (\/n(%) and inversely proportional to the squared root of
P

the bed clearance (S—Z). In this case, the proportionality coefficient, A, is 1.19 and the
determination coefficient is R? = 0.94. This is shown in Figure 3.13, where the pre-
dicted scour depth at each Cj condition is plotted together with the measured data.
Therefore, 3.3 is proposed as a new empirical model to estimate the equilibrium

scour depth due to backward rotating propeller jets in low bed clearance conditions.

Sme _ 1 19( 120y S y-0s (3.4)

D, \ /gDp D,

3.3.3 Maximum depth position

The expected position of the maximum scour depth in case of twin propeller con-
fined jets is analyzed by finding the maximum depth at HBA and FWA sub-areas in
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FIGURE 3.14: Position of the maximum depth in the FWA and HBA

areas. All the experiments are included. (a) Positions colored by

experimental conditions. (b) Clustering defining the three different

types of scour hole, along with the distance to the cluster centroid.

Vertical dashed lines show the position of the propeller plane. Hori-

zontal solid lines in (a) show the measurement grid boundaries over
the Y axis.

each profile. Therefore, in case of merged profiles at FWD experiments, only one max-
imum depth position is shown (near the Front Wall), while in any other case both the
maximum depth at the FWA and the HBA sub-areas are located. In Figure 3.14, the
positions of the maximum depth over the whole grid are observed, grouped by its
corresponding experimental conditions (Figure 3.14 (a)) and clustered by hole type
(Figure 3.14 (b)). The k-means clustering algorithm locates 5 different data clusters
to minimize the distance (Euclidian distance) between each object and the cluster
centroid. The centroid is assumed to be a representative position of the maximum
depth location of every characteristic scour hole. Within every cluster a unique value
of Xy, is present, clearly meaning that nor C;, Up and time are relevant in the loca-
tion of the scour hole. Interestingly, the distance to the maximum depth position of
the HBHFwp hole barely changes, although the wall clearance changes considerably,
thus pointing to a negligible effect of the FW in the spreading of the twin propeller

jet, in the range of distances covered by the present experiments.

3.3.4 Comparison with literature

Although twin propellers are a very common propulsion system in several types of
maritime vessels, few works have been published regarding twin propeller induced
scour, and lesser in case of confined jets. Some recommendations are found in the
international guidelines (PIANC, 2015; BAW, 2010), considering this type of propul-
sion system and focused on maximum scour depth prediction. Since the equilibrium
condition is not found in all cases, the expressions in literature focused on the calcu-
lation of the equilibrium depth are not comparable to the obtained results directly.
However, the existing models to obtain the time-dependent scour depth may be ap-
plied. Cui et al. (2020b) proposed an empirical model for inwards rotating twin
propellers in confined scenarios, following the previous study of unconfined twin
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FIGURE 3.15: Comparison between literature equations and experi-
mental results at t=30min.

propeller scour in Cui et al. (2019), where a temporal model for the prediction of the
induced scour due to twin propeller jets is shown. Cui et al. (2020b) proposed Eq.
3.8 to simply obtain the maximum scour due to a confined twin propeller jet (Sconf),
from the more complex Eq. 3.5 in Cui et al. (2019), focused on the time evolution of

the maximum scour depth in case of unconfined twin propeller jets (Suconf)-

Sunconf = QIn()]" (3.5)
O = 0_2526(;51;)—0.859([;:50)—4.63(;)52)3.581:;,335 (36)
I = 1.389(%)0.1571 d(sjo 0.742 dDS(F;)—O.SZZFr;()ﬁSZ (37)
si:::i o= 3.5()[?;)—04 (3.8)

In this case, the experimental values obtained at ¢t = 30 minutes, as in Cui et al.
(2019), are used. Only FWD experiments are included for the sake of good compar-
ison. Although in Cui et al. (2020b), only experiments with the lower bed clearance
are performed (0.5D), from the propeller tip, i.e., C/""" scenarios in the present work),
Cui et al. (2019) included a more extensive range of seabed clearance distances, con-
sidering the influence of this variable on the final scour profile. The range of bed
clearance in Cui et al. (2019) is coincident with the one in the present work. In Fig-
ure 3.15, the predicted scour depth values yielded by Eq. 3.8 are plotted against the
measured scour depths near the front wall in the work presented herein. Significant
disagreements are found between the experimental results and the proposed mod-
els. The results are colored by X, and Cj,, showing that the proposed model clusters
the data according to the clearance distance, since this variable is not considered as
input parameter. Moreover, the results of the present study do not fit the model

neither in case of C;""" nor C;"*.
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3.3.5 Temporal evolution of maximum scour depth at FW

Since the existing models do not fit the results obtained in the laboratory, a new
empirical non-linear model for time-dependent scour due to confined twin propeller
jets is proposed, regardless of the unconfined scour profile. The time-dependent
scour depth near the front wall (S) can be expressed as a function of the following
dimensional parameters:

S= f(u()I pr Ch/ d501g/ Pw, Ps, t/ H, ap) (39)

In the present set of data, important parameters clearly conditioning the scour
process (dso, a,) are unique due to experimental limitations. The other important pa-
rameters involved in the propeller induced scour (U, Xy, Cj) cover a realistic range
of values in cases of RO-RO ships maneuvering in shallow waters, i.e. with low
UKGC, since they are scaled from the study case vessel type as explained in Section
3.2.2.

Using the Buckingham IT theorem, if constant parameters and viscosity are not
considered and ps, Xy, and Uy, are used as fundamental variables, the following

non-dimensional parameters are obtained:

I, — ; (3.10)

I, — ;h (3.11)

I = \/ZOTZU (3.12)

] th/uo (3.13)

II; = f(Hz, 115, H4) (3.14)

The confinement situation is considered to be the most important characteristic
of the scour near quay walls, and consequently the wall clearance (Xy) is chosen
as fundamental parameter. Thus, I13, a Froude number the characteristic length of
which is not the jet or propeller diameter, but the wall clearance, is obtained. This
parameter is referred in advance as wall Froude number (Fry). The Fry, increases
linearly with the efflux velocity and decreases with the square root of the distance
to the wall, meaning that the relation between the initial velocity of the jet and the
distance from the jet to the quay wall is of main importance in the confined scour
process. Time is dimensionless with the time scale, which in this model is proposed
to be (X /Up). An optimization of the general non-linear model in Eq. 3.14 is per-
formed to get the best coefficient of determination, and different constants and pow-
ers [k1,a,b,c] are proposed to obtain the best fit.
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FIGURE 3.16: Agreement between predicted and measured scour
depth at the FW, relative to the wall clearance. (a) FWD experiments
(b) B & F experiments

Figure 3.16 shows the linear agreement between the predicted and measured
scour depth to the wall clearance (I1;) in case of FWD experiments (Figure 3.16 (a))
and B & F experiments (Figure 3.16 (b)). The merging condition is chosen as the
grouping variable, yielding a clear gradient from no-merged to merged scenarios as
the maximum depth — wall clearance ratio increases. In both cases, the transition
between no-merged and merged is located around I1; ~ 0.15. The different fitted
logarithmic curves and the measured data, coloured depending on the experimental
setup in the legend, are plotted and included in Appendix E, Figure E.1. In case of
FWD experiment, the data corresponding to the experiments with n = 350 rpm (mid
speed of rotation) are not shown to avoid overlapping data points.

A different model is fitted for each gear scenario (FWD and B & F experiments).
Eq. 3.15 and Eq. 3.16 show the non-linear models for each one of them, that yielded
coefficients of determination R> = 0.971 and R? = 0.952 respectively. For FWD
experiments, the time dependent scour depth increases with the Fr, to the power of
2, being this parameter much more influent than the bed clearance (Cj). In case of B
& F experiments, the bed clearance does not even appear in the equation, thus the
scour depth depends on Fr,, and time. It must be mentioned that the time variable

in B & F experiments is referred only to the forward rotation time in the experiments.

S 4, Chvos, Uo 2 tUo\q4405

X = 2.539 x 1074( Xw) ( ng) [ln(—Xw)] (3.15)
S . Uy tUp
— =2531x10"° 2671 (—=)1319 3.16
Xu ( \/gTw) [In( Xw)] (3.16)

At any time, both for FWD and B & F scenarios, a linear agreement is found
between Fry, and I, yielding a coincident threshold value of Fr,, above which ero-
sion near the quay wall is present. The threshold value of sediment scour at FW is
found to lay between 0.25 and 0.3, thus, no significative scour should be found if
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FIGURE 3.17: (a) B & F; (b) FWD.

Fry < 0.25. Figure 3.17 shows the scour depth values at FW, relative to the wall
clearance, and their linear relation with the wall Froude number at each case.

3.4 Discussion

In the present chapter, the scouring action produced by twin propellers nearby quay
walls is studied through a set of laboratory experiments over a mobile sand bed.
The scouring action of this particular propulsion system, although very common in
a wide range of ships, has been barely studied so far compared to the scour due to
single propeller jets. The maximum scour depth is a measure of the potential dam-
age and it is a needed parameter in marine structures design. In PIANC (2015), it
is recommended to account for the over-costs due to either a deeper construction
according to the predicted maximum scour depth or due to scour protection if the
former is not considered. The maximum scour depth is found in the equilibrium pro-
file of any scour hole. Most of the laboratory experiments in propeller scour are thus
focused on finding the equilibrium profile and characterizing the maximum scour
depth as a function of the experimental setup. However, experiments at laboratory
are limited and it is time-consuming to account for all the parameters involved in
the scour phenomenon, summing up the intrinsic effects that the scale may have in
any laboratory study (scale effects due to gravity or sediment size for instance). Still,
the major part of the scientific literature in propeller scour in the past years comes
from physical models. Several examples are mentioned in the introductory section
of this chapter.
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The limits of the scouring areas, named FWA and HBA areas following Mujal-
Colilles et al. (2018) terminology, have been defined in this paper by finding the
boundaries of the scour holes, which expand from its maximum depth position lo-
cated either near the FW, downstream the propellers in the HB or upstream the pro-
pellers below the ship’s hull, as detailed in Section 3.3.1. Although it is not expected
to find such clearly distinguishable areas in-situ due to the ship motion, differences
may be observable if scour holes are found in the HB or near the FW, thus knowing
that a FWH hole or a HBH hole is present. In Mujal-Colilles et al. (2017b), for in-
stance, the scour holes near the quay walls and far from them, at the harbor basin,
are observable and analyzed through bathymetric studies performed by the port au-
thorities during several years. The merging of the FWH and HBH hole should be
also considered, since it is pretty clear that short distances to the front wall have a
great influence on the development of a deeper scour hole.

The backward rotation is here analyzed for the first time to advise the effects of
real maneuvers over the harbor basin sediment bed. Clear differences are observed,
as expected, in the evolution of the downstream holes due to forward rotation, and
to ones created upstream when the propellers are operating in backward regime.
The difference in the flow field and, overall, the interaction with the ship’s hull may
be of great importance. In this case, a proper model of a ship hull is not used, but the
effects observed may be used as an approximation of the real cases. The obtained
data in maximum scour depth due to backward rotation showed a very well-defined
behavior, being the speed of rotation and the clearance distance the two variables
conditioning the scour depth evolution. Equilibrium is not considered to be totally
reached, but no significant changes are expected in any of the analyzed experiments.
The proposed model, thus, is considered to be useful for practical applications, and
expected to yield good results in the range of the present non-dimensional parame-
ters, with due consideration of the effects of the change in sediment size.

Section 3.3.5 shows that the more harmful scenarios correspond to the lower wall
clearances, regardless of the change in flow velocities. The affected area is not ana-
lyzed in detail in this chapter, although it is a variable of interest and must be studied
in future works. In Roubos, Blockland, and Van Der Plas (2014), the authors point
out that the effects of the twin jets, compared to the effects of a single jet, are re-
lated to a larger scour area, although not necessarily a deeper hole. It is considered
that mainly the a,, /D, and the X;,/ Dy, ratios play an important role in the widening
and deepening of the scour hole, and thus both terms must be considered in con-
fined twin propeller induced scour studies. For a unique distance to the quay wall,
a higher a, /D, is expected to enlarge the width of the scour hole while decrease its
depth. In the experiments presented in this article, the distance between the pro-
peller axes is not included as a variable, and the results obtained must be considered
in case the a,/ D, is coincident or similar to the one in this work. Even so, it is not
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considered that the a,/D, ratio can have a very wide variability in the case of the
main propellers, although it could vary widely in the case of transverse thrusters.

The effects of the seabed clearance, C;, have been analyzed in this work, show-
ing an opposite effect over the HBA and the FWA areas. While at HBA area, the
bed clearance has an inverse relation with the scour depth, S, (the farther the pro-
peller is located, the less scour is found), the effects over the FWA area are found
to follow direct relation with the bed clearance. Two different distances are studied
in the present experiments, both being in the range of the low UKC. Therefore, the
obtained relation between C; and S must be expected in low bed clearance situa-
tions. At higher clearance distances, the effect of the propeller jet in the FWH hole is
expected to be reduced and eventually become negligible, as it is in the case of the
wall clearance. Further experiments must be focused in finding this threshold, that
may have direct practical applicability at field.

The position of the maximum depth over the X axis at HBH holes, referred to the
propeller plane, does not change regardless of the change in X;,, Cj, or time. In all the
scenarios, at any time, the maximum depth at HBH hole (or HBHfwp hole in case
of B & F experiments) is located at ~ 3.5D, from the propeller plane. These results
are in good agreement with Cui et al. (2020b) for their experiments at X, = 7D,
although it is not explicitly analyzed in their article. The lack of change with the
increasing X, can be explained if the wall clearance does not have any effect in the
expansion angle of the propeller jet at the present range of wall clearance. Wei and
Chiew (2019) analyzed the effects of the vertical wall close to the propeller jet in case
of single propeller, and showed that the expansion angle of the jet may decrease with
the increasing wall clearance up to X;, = 4D,. No effects are expected at further dis-
tance. Contrarily, the lack of change in the position of the maximum depth at the
HBH hole may be related with the presence of a horizontal boundary. As studied in
Johnston et al. (2013), for bed clearance up to at least 2D, an increase of the expan-
sion angle must be expected with the increasing clearance, from a minimum value of
~ 8°. The increase in the expansion angle due to the increase in the bed clearance in
the present experiments would yield a similar distance to the jet impingement point,

thus a similar location of the maximum scour depth.

As previously explained, the non-dimensional parameter I1; is linearly depen-
dent on the Fr, at each experimental time, yielding a threshold value below which
scour is not found. This threshold is found at Fr,, = 0.25. In the same line, Cui et al.
(2020b) reported no scour near the quay wall in the test experiments at X;, = 9D,
although with wall clearance of X, = 7D, scour was visible. Therefore, considering
ano-scour threshold at X, = 7D, in their experiments, performed over a sandy bed
of dsgp = 0.2mm and with a twin-propeller of D, = 55mm rotating at 500rpm, the ob-
tained wall Froude number is Fry, = 0.24. This result is slightly below the threshold
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obtained in this article, probably due to the slightly lesser sediment diameter used
by Cui et al. (2020b) in comparison with the present study. This difference points to a
partial agreement and to the need to consider different sediment diameters to obtain
a clear threshold of the wall Froude number to prevent scour over non-protected

beds in case of confined twin propeller jets.

The proposed empirical models to predict the maximum scour depth evolution
are expected to work for the range of the non-dimensional parameters in this article.
Due to the limitations in the sediment size, this model shall be tested over differ-
ent seabed compositions to study their performance in other scenarios. However,
the range of densimetric Froude number (Fr,;) covered by the present experiments
(22 < Fry < 32) is closer to the real situations than most of the works found in liter-
ature, as stated in section 3.2.2, which make the results obtained more realistic to the
analysis of the local scour phenomenon. Moreover, the interesting relationships that
the models yielded between the different parameters are considered to be useful for
future experimental designs and to practical applications. Both in FWD and B & F
experiments, the most harmful experimental set up for the FW area is the combina-
tion between higher speed of rotation and shorter wall clearance, regardless of the
seabed clearance in case of B & F and combined with the higher seabed clearance in
case of FWD. The next two scenarios, sorting by maximum depth of scour, are by
far the 400rpm X7'", and the 350rpm X"", meaning that a significant change in the
efflux velocity is not of importance if the wall clearance is not increased. The same
behavior is observed at lower speeds of rotation: low speed close to the wall is more
harmful than mid speed far from the wall.

According to the experimental results, a clear relation is observed between the
merging condition of every profile and the scour depth. Three different categories
have been assigned to any profile for any scenario at any time: no-merged, transition
or merged profile. Inboth FWD and B & F scenarios, the location of the transition area
points to a relation between the scour depth near the front wall and the preservation
of the two-hole morphology, with a threshold around the 15% of the wall-clearance,
according to the obtained results.

In Figure 3.10, an interesting behavior is observed regarding to the merging con-
dition in C]""" cases. The HBH hole is quickly developed, reaching the approximate
depth of 1D, after 5 minutes run both for X" and X!'** scenarios. At X", no
growing is observed until t=25 minutes, being the observed behavior assimilable to
an equilibrium profile. During all this time, the depth at HBH hole is not grow-
ing further, but the downstream boundary of the HBH hole is being eroded until
it reaches the same maximum depth: ~ 1D,. The two-holes profile is therefore
merged. At this point, the clear linearly growing trend that the FWH hole followed
so far roughly decays and the whole merged profile tend to the stabilization. At,
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X** the same behaviour is expected. The maximum HBH hole depth, thus, cannot
go further 1D,,.

3.5 Concluding remarks

* A new set of experiments on twin propeller induced scour near quay walls is
presented in this work. A total of 24 experiments on confined local scour are
performed with different experimental conditions, aiming to analyze the influ-
ence of important parameters such as the bed clearance (C;), the wall clearance
(Xw) and the efflux velocity of the propeller (Up) in the scour depth.

e Two different regimes of propeller rotation are analyzed in this work: FWD
and B & F rotation. B & F experiments aims at obtaining the scour evolution
by iterating between backward and forward rotation, a behavior that is found
in real ships when iterating berthing and unberthing maneuvers. In case of
scour evolution near the Front Wall, differences are observed between the re-
sults obtained with the steady FWD rotation and the B & F iterations, being
the results for the latter scenarios only dependent on the wall clearance and
the time. FWD experiments allowed comparison with the empirical relations

found in literature.

¢ Two empirical models are proposed in this paper to obtain the time depen-
dent scour depth due to twin propellers in confined condition due to quay
walls. The use of the proposed models must be restricted to the range of non-
dimensional parameters used in the experiments. New experimental work is
needed to evaluate the twin-propeller induced scour over different sediment
sizes, also including different separations between the propeller axes.

¢ The threshold to scour is found to be dependent on the wall Froude number
(Fry). At each time considered, a linear relation between the scour depth and
the wall Froude number is found, agreeing all of them in a common threshold
around Fry, =~ 0.25, below which erosion is not found.

* A clear relation between the category of the profile (merged, transition to merge
and no-merged) and the scour depth is found. A transition scour depth around
the 15 % of the wall-clearance is observed in the present experiments, showing

a threshold below which the scour profile maintains a two-hole morphology.

* Due to backward rotation, the scour hole exhibit a very different behavior. A
very fast growing of the maximum depth is observed, and the stabilization
is reached at ~ 10 minutes of experiment. The maximum scour depths are
used to obtain an empirical relation between the experimental variables and
the equilibrium depth due to backward rotating twin propellers with interac-

tion with a squared structure.
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Chapter 4

AIS data and maneuver simulation
to prevent bed scour in harbor

environments

4.1 Introduction

International guidelines such as BAW (2010) and PIANC (2015) propose different
prevention and protection systems against the scour induced by propellers in the
navigation channel and the harbor basin. Predictive formulas are based on previous
estimation of the efflux velocity (Up) and the bed velocity (U}), using Shields crite-
ria as the threshold for resuspension. As reported by Mujal-Colilles et al. (2017b),
most of the existing equations overestimate, by far, real results of maximum scour-
ing depth. However, the methods proposed in these guidelines to design bed pro-
tections have been satisfactorily applied in plenty of harbors (PIANC, 2015), when
the problem has been detected and managed in due time. Nevertheless, there is lit-
tle information in literature and the guidelines regarding the relationship between
the ship maneuver characteristics and its effects over the seabed. Some standard
situations are defined in BAW (2010), that take into account the distance from the
ship to a vertical boundary, or the presence of a rudder, but no general guidance
including the maneuver pattern is present. In some communications, there is ex-
plicit mention of the most harmful maneuver situations. For instance, according to
Hawkswood, Lafeber, and Hawkswood (2014), the most harmful maneuver section
is the cast off, when the ship is stationary and accelerates to gain steerage. In this
work, the authors also make explicit mention to the crabbing motion. They advise
that no modeling studies are found in literature, but it is suspected that this specific
maneuver may cause greater erosion depths. Crabbing is the ability of ships to move
sideways without forward speed. In nautical terms it means that a specific ship has
sway motion but no surge. This lateral motion is usually achieved by combining
astern and ahead propellers with bow-thruster.

The work presented in this Chapter uses the methodology applied in Llull et al.
(2020) in a case study, combining field data with a maneuver numerical simulator, to
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analyze the maneuver pattern and take the engine behavior into consideration when
studying the sediment scour at field. The field data consists on a series of bathymet-
ric surveys performed at a specific harbor basin, where scour due to the maneuvers
of a ferry ship was found. Moreover, AIS data is included to study and characterize
the maneuver. AIS states for Automatic Identification System and is defined in IMO
(1993) as an automatic tracking system for identification and location of vessels by
exchanging data via VHF communication to other nearby vessels (Castells-Sanabra
et al., 2018). The maneuver pattern is reproduced on a maneuver simulator, which
allows to obtain the engine and thrusters behavior through the maneuver.

The present Chapter is organized as follows: In Section 4.2, the background of
the study, the evolution of the harbor basin bed morphology, the statistics of use of
the basin and the description study ship are included. In Section 4.3, the AIS data
description, the maneuver simulator characteristics and the formulation used in this
work, are provided. The results of the maneuver characterization, its relationship
with the observed scour, the maneuver simulation and the obtained results when
appliying the formulation are shown in Section 4.4. Finally, the above is discussed in
Section 4.5, while the conclusions of this research and recommendations for further

work are summarized in 4.6.

4.2 Case study: Barcelona Harbor

4.2.1 Background of the study

The present work arises from the background studies performed at an inner basin
of the Port of Barcelona with significant problems related to ship propeller scour.
This harbor basin has been traditionally used as large ferry ship berthing terminal.
The research performed by Mujal-Colilles et al. (2017b) showed the evolution of the
harbor basin from 2007 to 2014, and the work presented in Castells-Sanabra et al.
(2018) extended the analysis up to 2017, highlighting the appearance of additional
sedimentation areas nearby the berthing quay between 2015 and 2017. The men-
tioned studies are used as a benchmark of the present work, which is focused on the
relationship between the ship maneuver, the propellers behavior and the induced

scour.

4.2.2 Evolution of the harbor basin bed

The evolution of the bathymetry of the harbor basin between 2012 and 2017 is shown
in the present section through yearly hydrographic surveys, performed with a multi-
beam system SeaBeam1185 Elac-Nautik. Figure 4.1 shows the evolution of the sed-
iment bed through different bathymetries over time. The red line at the side quay
indicates the berthing place of the study ship since 2012. This is called in advance the
West-Quay. Previous to 2012, the study ship operated at the berthing quay nearby
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(at the North-Quay). As explained in Mujal-Colilles et al. (2017b), the Port Author-
ity decided to change the location after noticing the increasing problems they had
due to propeller induced scour. Previous to the change, a dredging of the basin was
performed to level all the sea floor, except in the affected area near the North-Quay.
The evolution between 2012 and 2014 clearly shows the erosion effects of the scour
over the unprotected harbor basin, from the West-Quay to the middle of the harbor
basin (see Figure 4.1). At the time, the Port Authority decided to perform adapta-
tion works in the affected area. The works consisted on the refilling of the affected
regions with recycled material (20-300) up to the -14.5 m level. After that, the refill-
ing material was covered by a rockfill layer with diameter 1 m, reaching therefore
the -13.5 m level (Annual Report 2015). The bathymetry of 2015 is performed after
the adaptation works finished and the one in 2017 shows that the protection is sta-
ble, although scour is present in the surroundings of the rehabilitated area.
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FIGURE 4.1: Bathymetric studies at the study basin performed since

2012 to 2017. The red line at the West-Quay shows the berthing loca-

tion of the ferry ships at this basin during this time period. The black
arrows show the interesting sections to obtain depth profiles from.
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Scour is not the only problem that arises from the sediment transport due to the
propeller jets action over the bed. The recirculation and the conditions of the particu-
lar basin may favor the appearance of sedimentation areas that can reach dangerous
low depth, affecting the ship maneuvers. In the central area of the study quay (West-
Quay) a sedimentation area is created in the middle of the berthing place, reaching a
depth similar to the ship’s draught (around -7 m) between 2015 and 2017 (Figure 4.1).

The black arrow-lines and the letters (A to D) in the bathymetries in Figure 4.1
correspond to elevation profiles measured over the Digital Elevation Model (DEM).
The profiles are shown in the Figure 4.2, to compare the evolution of the main in-
terest areas through the years. The elevation profiles are taken from South to North
and from West to East. In 2014, the higher scouring area, reaching -18 m, is located
nearby the West-Quay (Figures 4.2 (a) and (c), corresponding to profiles A and C in
Figure 4.1). After the works in 2015, no scour is observed in this area. The other
derived problem from the propeller jets action is the sedimentation of the eroded
material. Between 2015 and 2017 the sedimentation in the parallel profile to the
berthing quay increased significantly, almost reaching the -7 m level (see Figures 4.2
(b) and (c), corresponding to profiles B and C in Figure 4.1). In Figure 4.2 (b) -profile
B-, two accretion areas are clearly distinguishable, separated by an area of no sed-
imentation between 150 m and 250 m from the back quay. This distance is in fair
agreement with the location of the bow-thrusters, between the ship’s bridge and the
ship’s bow, when the ship is berthed. This will be analyzed in detail in Section 4.4.
The profiles A and D, corresponding to Figure 4.2 (a) and (d), show the existence of
scour in the surroundings of the rehabilitated area. Depth increases between 2015
and 2017 are observable at profile A, at a distance of 370 m from the West-Quay, and
at profile D, at a distance 150 m from the South-Quay. These distances correspond to
the North and East boundary of the protected area. These effects, although present,
are of considerable lower magnitude compared to the scour over the unprotected
bed found in previous years. Although reaching -16 m depth, meaning 2-3 m be-
low the design depth of the protection, the affected area is considerably smaller area
than the eroded area in 2014 at the same location. Still, the evolution of the sediment
volume in the inner basin (the area bounded by black solid lines in Figure 4.1), cal-
culated from the DEM, shows an increase of 3.5 % of sediment volume above the
reference level -12 m, and a decrease of 7.4 % below the same reference level, be-
tween 2015 and 2017. This means that part of the eroded sediment is transported
and deposited in other areas inside the basin, while a part of it is lost out of the basin
and may create sedimentation problems in other areas of the port.
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FIGURE 4.2: Elevation profiles obtained from each bathymetry in Fig-

ure 4.1 at two-years time intervals. (a): Profiles A in Figure 4.1; (b):

Profiles B in Figure 4.1; (c) Profiles C in Figure 4.1; (d): Profiles D in
Figure 4.1

4.2.3 Use of the harbor basin

This section presents the statistics of use of the study dock between 2013 and 2017.
The data, including every single ship call, the date of each call (arrival and depar-
ture), the ship type and characteristics of the ship (length and Gross Tonnage), has
been provided by the statistics department of the Port of Barcelona. In Figure 4.3,
histograms of the ship type, characteristics and number of calls per week are shown.
According to the statistics of use of the study dock between 2013 and 2017, the char-
acteristic ship to study is a Ferry ship type, with 225 m in length, close to 55000 GT
(Gross Tonnage), and with berthing frequency of 6 times per week. These are, in-
deed, the characteristics of the twin ships with a frequency of 3 calls per week each,
that operate alternating at the study quay and are focus of the present work. This
berthing quay is used eventually by other ships, as seen in the histograms, but all of
them are of smaller size and load capacity, which indicates lower engine power and
lower potential effects over the basin sediment bed.
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FIGURE 4.3: Statistics of berthing ships in the study quay between
2013 and 2017. (a) Ship-type; (b) Ship length; (c) Gross Tonnage (GT);
(d) Number of calls per week.

4.2.4 Ship particulars

A set of twin ships is used as a study ship in this work, since these are the ships
operating at the harbor basin during the last 10 years. These vessels operate with
daily basis (either one or the other) at the same harbor, performing the same maneu-
vers in the same conditions. A sketch showing the main dimensions of the study
ship is shown in Figure 4.4, adapted from Castells Sanabra et al. (2017). In Table
4.1, the characteristics of the twin ships are shown under the generic name of Study
Ship. The study ship was lengthened in 2019 (one of the twin ships in January and
the other in June), therefore the current characteristics of the ship are not exactly the
same than in the period 2012-2017. These changes are shown in Table 4.1 by com-
paring the characteristics before and after the lengthening.

209 m

225m

FIGURE 4.4: Dimensions of the study ship and distances to locations
of interest. Adapted from Castells Sanabra et al. (2017).
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TABLE 4.1: Study ship characteristics.

after 2019 before 2019

Name Study Ship
Length overall 254 m 225 m
Draught 7.2 7m
Breadth Moulded 30.4 m

Gross Tonnage 63742 GT 54900 GT
Main Engine Power (kW) 4 x 13860 kW
Thrusters Power 2 x 1850 kW
Propeller type 2 x CPP (148 rpm)
Propeller Diameter 6m
Bow-thrusters Diameter 22m

4.3 Methodology

4.3.1 AIS data

In this work, AIS data provided by the Barcelona Port Authority, containing the
ship position (latitude and longitude), the Speed Over Ground (SOG), and the ship
Heading (HDG) at time intervals of 30 seconds is used. The data set selected to
study the ship maneuver consist on 15 arrival and departure maneuvers, with sim-
ilar met-ocean conditions. This data set was already presented in Castells-Sanabra
et al. (2018) and will be used in this work to validate more recent data obtained from
the same ship at the same basin. This AIS data set is named as AIS1 through the
document.

An AIS transmitter was recently adapted to directly obtain AIS data from nearby
ships at the Barcelona School of Nautical Studies (FNB-UPC). The new system al-
lows to directly receive AIS messages from all the ships in the surrounding area of
Barcelona (up to 30 nautical miles, with a maximum range of 120 nautical miles,
weather permitting). AIS data of 2019 (September to December, both included) is
used to verify that the old maneuvers barely changed, confirming that the maneu-
vers must have a cumulative effect on the bed scour. All the maneuvers performed
by the study ship in this period are included. This data set, named as AIS2 through
the document, together with AIS1 data set, is used herein to characterize the ship
maneuver in the study basin.

The accuracy of the data provided by the Port Authority (AIS1 data) is of £14
m, while in the case of the directly obtained data by the AIS at the (FNB-UPC) (AIS2
data) an accuracy of 8 m is expected, after test measurements with a signal at a

fixed location.
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4.3.2 Maneuver simulator

The Barcelona School of Nautical Studies (FNB, UPC) hosts a Transas NTPro 5000-
v-5.35 maneuver simulator designed to be used for pilot and captain training, in
naval engineering and port management (Figure 4.5). By using this simulator, the
recorded maneuvers from AIS messages are reproduced to obtain the specific be-
havior of every necessary variable to estimate the scouring action. The harbor, the
study ship and the AIS data are inputs known in the simulator. The specific study
ship was not available and therefore, a ferry ship type with similar characteristics
was used. Table 4.2 shows the details of the ship used in the simulator under the
name Simulator Ship. The Study Ship is slightly larger than the Simulator Ship (up to
13 %) with larger capacity, but these little differences are not considered to have any
significant effects on the arrival and departure maneuvers characteristics.

FIGURE 4.5: Picture of the maneuver simulator. Adapted from Amen-
gual (2019).

TABLE 4.2: Simulator ship characteristics.

Name Simulator Ship
Length overall 196 m
Draught 6.1m
Breadth Moulded 25m
Main Engine Power (kW) 50400 kW
Thrusters Power 3400 kW
Propellers depth 3.8m

To perform any maneuver in the simulator, the maneuver track is first introduced
in the electronic nautical chart (ECDIS -Electronic chart display and information
system-) of the simulator to guide the simulator pilot during the whole maneuver.
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TABLE 4.3: Summary of the simulator output.

Variable Units
Geographical position Lat, Lon
. . Heading (HDG) Degrees
Ship behavior Speed Over Ground (SOG) Knots
Maneuver time Seconds
. . Main engine power kW
Engines behavior Bow-thrusters power kW

Important information such as the Speed Over Ground (SOG), Heading (HDG) or
maneuver time at each way-point can be included to provide good guidance to the
pilot. The maneuver is performed smoothly and non-stop until the vessel berths (ar-
rival maneuver) or departs the basin (departure maneuver). After the simulation is
finished, the recorded parameters at 1Hz sampling rate are printed on a spreadsheet
and are evaluated. The output of the simulator can include a plenty of parameters
(e.g., ship engine behavior, dynamic ship behavior, meteorological records, etc.). For
the purpose of this work, only few variables, as summarized in Table 4.3, are needed.
The maneuver is repeated until the result is considered to be satisfactory to the pur-
poses of the study.

4.3.3 Literature formulae

From the output of the simulator, the existing formulae to characterize the efflux
velocity (Up) and estimate the magnitude of the maximum bed velocity (U,) are
applied. In this work, the equations are all applied according to PIANC (2015) rec-
ommendations, which takes into account the characteristics of the study case: twin
propeller ferry ship with bow-thursters and twin rudders, in a low bed clearance
situation, with a combination of confined jet flow due to quay walls and unconfined
flow conditions.

In order to analytically evaluate the propeller induced velocities at the seabed of
a particular harbor basin, Uy is firstly obtained with Eq. 4.1, as proposed by Blaauw
and Kaa (1978) and recommended by PIANC (2015). In this case, the percentage of
total power used by each engine (f,) is the output of the simulator.

foP
PwD%

@I=

Uy = Ci(

) (4.1)

where:
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Uy = Efflux velocity (ms™1)

fp = Percentage of total installed power used (-)

P = Total installed power (W)

pw = Water density (kgm )

D, = Propeller diameter (m)

C1 = 1.48 or 1.17 in case of free or ducted propellers and thrusters, respectively.

Since the ship is in constant motion during the maneuver, the generated jet needs
to be analyzed together with the geometry of the study quay and the maneuver it-
self. Two different flow conditions are considered to obtain the induced flow velocity
at bed: confined and unconfined flow. The confined flow refers to the case in which
the jet flow reaches the quay wall and deflects on it, thus affecting the seabed due to
the previous impingement. The unconfined flow, contrarily, refers to a spreading jet
flow that reaches the seabed due to its own expansion. This condition is important
to decide which formulation must be applied at any time of the maneuver. In this
work, a threshold based on the location of the maximum velocity at the bottom is
used to define the confined or unconfined condition of the ship through the maneu-
ver. In PIANC (2015), the position to the maximum velocity at bed is assumed to
be at 0.12 < C;,/ Xy < 0.22 in case of unconfined flow condition, where Cj, is the
propeller’s bed clearance and X, is the horizontal distance to the position of the
maximum velocity at bed. A threshold distance of Cj,/ X, = 0.18 is assumed to de-
fine the confined or unconfined situation at any maneuver position, with X, being the
horizontal distance from the propellers plane to the quay wall. If C, / Xy, > 0.18, then
the situation is set to confined. To double check the potential scour at the quay wall,
the results obtained in Chapter 3 of this dissertation will be used in this Chapter. A
threshold of scour in case of twin propeller systems at low bed clearance conditions,
ie, 1D, < C, < 1.5D, is found at Fry, ~ 0.25, with Fr,, = U/ \/gXw. The last will
be obtained at any position of the ship, considering the previously obtained Uy and
the distance to the quay wall. This distance, Xy, is calculated at any position, from
the propellers plane to the quay wall, with the ship’s Heading vector. The position
of the main propellers is known to be around 170 m astern of the AIS transmitter
position, previous to 2019. In combination with the ship’s Heading vector, and us-
ing the distance as vector modulus, the position of the main propellers during the
whole maneuver and the axial distance to the quay wall are computed at any time
during the maneuver.

The maximum flow velocity at the seabed is computed with the German and
Dutch methods, as recommended in PIANC (2015). The expressions in these guide-
lines (Eqs. 4.2,4.3,4.44.5,4.6 and 4.7) are used to obtain an estimation of the magni-
tude of the flow velocity at the seabed, depending on the confinement scenario. In
Table 4.4, a summary of the equations is provided, together with the method (Dutch
or German) and the conditions (propeller type and jet flow confinement) they are
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recommended for. Although the expressions proposed for the confined flow sce-

nario (Egs. 4.2 and 4.5) are recommended for bow-thrusters rather than main pro-

pellers, the same expressions are used herein for the case of confined flow with main

propellers, since there is no explicit formulation for this case in the guidelines.

TABLE 4.4: Set of equations to obtain the maximum velocity at bed

(PIANC, 2015).

Propeller . )
Method Jet confinement Equation
system
Dutch Xw+Ch\
e Single Confined U, = 2.8U0(wT) CY)
Method p
Dutch ingl Cn
Mltletilod Single Unconfined u;lng ‘= 0216110(@) ! (4.3)
Dutch twin _ rsingle
e Twin Unconfined U Uy V2 (4.4)
Method
German o ole Confined Uy = 19alp(22) 7! (45)
Method D,
G ingl Ch\_
Mi:;jg Single Unconfined uzmg ‘= 0.71Up( Hp ) ! (4.6)
German . . Utvin — 051 & —0.275 (47
Twin Unconfined p =05 O(D ) (4.7)
Method b
where:

U, = Flow velocity at bed (ms~1)

Xy = Distance from the propellers plane to the quay wall (m)

Cj, = Propellers bed clearance (m)

« = Constant depending on L/ D, and C; /D, withrange 1 < a < 8

The twin-propeller system of the study ship allows the Captain to combine ahead

and astern regime at the same time during the maneuver. This combination, together

with the bow-thruster, allows great maneuverability, and is commonly used during

ferry ships maneuvers. As stated in the Introductory section of this dissertation, this

75
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is the engine orders combination that allows the ship to crab (crabbing motion).

During the maneuver, if only one propeller is used in ahead regime, the equa-
tions for single propeller are applied. On the other hand, when both propellers are
used ahead, the equations for twin propeller are applied. The formulae is only ap-
plied to ahead running propellers. It is known, however, that backwards rotation
may also induce high velocities at the bed, but so far there are no recommended for-
mulation in the guidelines to obtain the velocity at bed in this condition. Therefore,
the propeller jet velocity due to propellers in astern regime won’t be computed. The
propellers behavior in astern regime, however, will be considered when analyzing

the power output from the simulator.

4.4 Results

Characterization of the maneuver pattern

Real maneuvers obtained by AIS1 and AIS2 data sets are categorized as arrival and
departure maneuvers, and mapped to show the maneuver pattern of the study ves-
sel. Due to the lengthening of the ship in 2019, the two data sets cannot be directly
compared. Therefore, the AIS2 data has been corrected with a displacement of the
AIS transmitter position 29 m astern. The correction is done using the ship’s heading
vector, also provided by the AIS messages.

In Figure 4.6 (a) and (b), AIS2 corrected data set is mapped. Each color represents
a different maneuver, this is, a different day. The days are not included as legend to
avoid overlapping due to the big amount of maneuvers in the plot. The exact day
of the maneuver is not of main interest, since the objective of plotting all the data
together is to observe the maneuver pattern. All the maneuver characteristics are
coincident, with due consideration of the arrival (a) and departure (b) maneuvers.
A scaled ship sketch is added in the maps to provide a clear understanding of the
maneuver in the study basin. Three points of interest are also added in the maps,
showing that the maneuver is split into three sections (Maneuver Sections MS1, MS2
and MS3), to analyze the ship behavior between the points. Each point contains a
letter (A or D) that defines the maneuver sections in case of arrival (A) or departure
(D) maneuvers. Therefore, each maneuver section is named combining the acronym
MS, the point of interest (1,2,3) and the letter to define the arrival or departure ma-
neuver (A, D).
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FIGURE 4.6: Maneuvers of the study ship between September 2019
and December 2019 (AIS2 data). The numbers in the legend show the
positions of interest in the maneuvers.

Figure 4.6 (a), shows the arrival maneuver of the study ship. The study ship en-
ters the harbor basin from the navigational channel by turning to the port side, with
a NNW Heading (Point 1A). The ship advances while describes a starboard turn up
to Heading NE (Point 2A). Finally, by approaching the side quay laterally, the ship
reaches the point 3A and berths.

In Figure 4.6 (b), the departure maneuver is shown describing a simpler behav-
ior. First, the ship moves away from the berth laterally, until reaching the turning
position (Point 1D). At this point, the ship turns to the starboard describing a circu-
lar trajectory up to Heading South (Point 2D). Right after that, the ship finishes the
turn and departs the port with Heading SW (Point 3D).

To allow the comparison between AIS1 and AIS2 data sets, the last is mapped
with transparency below the former in Figure 4.7. Since AIS2 contains a much big-
ger amount of maneuvers, the accumulation of AIS positions allow to visualize the
maneuver pattern and show the good agreement with AIS1 data, plotted above and
colored by maneuver. Because of this, any of the data sets are suitable to be used to
characterize the maneuver, regardless of the time period the data was taken from.
Slight changes due to the differences on the ship size and Captain must be expected,
but they are not considered to be relevant to the general maneuver pattern as per the
observed results.
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—— AISI data
AIS2 data

FIGURE 4.7: AIS1 data (colored lines) over AIS2 data.

Relationship between erosion pattern and ship maneuver

In order to overlap the ship maneuver to the erosion pattern, the last bathymetry
available in the data set (2017) is used. To allow a more detailed visual analysis, the
DEM shown in Figure 4.1 (2017) is converted to a Triangulated Irregular Network
(TIN). In Figures 4.8 and 4.9, TIN are mapped both with the maneuver data over it
(a) and without it (b) to allow comparison. The data includes the propellers loca-
tion, obtained according to the ship’s Heading at each AIS position. Figure 4.8 (a)
shows the data corresponding to the arrival maneuvers. The AIS track is plotted in
red dots, while the propellers location is plotted with a single white dot. The coinci-
dence between the propellers positions through the maneuver and the eroded area
is clear, being the affected area constrained to the region below the propellers during
the whole maneuver. In Figure 4.8 (b), three locations of main interest are shown: (1)
the area of protected bed, where the adaptation works described in 4.2.2 were per-
formed; (2) the scour areas surrounding the protection layer; (3) the sedimentation
area at the West Quay.
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FIGURE 4.8: (a) AIS2 data of arrival maneuvers over TIN surface; (b)

Only TIN surface showing the location of the areas of interest 1,2 and
3.

Figure 4.9 (a) shows the AIS data of the departure maneuvers with the propellers
position. In this case, only the first part of the maneuver, corresponding to the un-
berthing lateral movement of the ship (i.e., MS1D in Figure 4.6), shows agreement
with the affected area. The propellers positions during this part of the maneuver
are coincident with the propellers positions during the arrival maneuver close to the
quay wall (i.e, MS3A in Figure 4.6). However, the positions of the main propellers
during the turning maneuver are not in agreement with the location of the eroded
area, leading to the hypothesis that this maneuver may be less harmful than the ar-
rival one. This could be caused by the higher importance of the bow-thrusters dur-
ing this maneuver, which are used to induce starboard turning moment during the
unberthing (i.e., MS1D and MS2D in Figure 4.6). The position of the bow-thrusters
during the maneuver is not plotted, to avoid overlapping data points. However, as
shown in the study ship sketch in Figure 4.4, they are located at 12 m and 17 m from
the AIS transmitter, towards the bow of the ship. During MS1D (departure maneu-
ver beginning), lateral displacement of the ship is needed to get off the side quay,
meaning that the bow-thrusters are used to generate starboard thrust. Therefore, the
bow-thrusters jets are directed towards the quay wall, at the location of the point 3
in Figure 4.9 (b), i.e., the area of sedimentation with a characteristic gap at a distance
of 200 m from the SW corner (see the elevation profiles in Section 4.2.2, Figure 4.2).
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Maneuver simulation

After the maneuver analysis, each arrival and departure maneuver are repeated in
the simulator several times to get a similar pattern than the observed one. The slight
difference in the ship type, the human errors and the limitations of the simulator
need to be considered at this point. However, a very close behavior is obtained if
the maneuver is repeated several times. In Figures 4.10 and 4.11 the arrival and de-
parture maneuver obtained from the simulator are shown, respectively, compared
to AIS2 data. In Figures 4.10 (a) and 4.11 (a) the AIS position of the simulator ship is
plotted by Heading arrows, showing the ship’s Heading at each AIS position. Some
differences between the AIS data and the simulator maneuvers are observable by
visual comparison, although they are not considered to be relevant to the mean be-
havior of the engines, which is the main focus of this work. For instance, a small
deviation is observed in the arrival maneuver, during the port side turn at the be-
ginning of the maneuver (Figure 4.10 (b)), and the main propellers position at the
first stages of the departure maneuver show a slight disagreement between the AIS
data and simulator data (Figure 4.11 (a)).
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FIGURE 4.10: Arrival maneuver. (a) Simulator maneuver’s Heading

arrows (red arrow lines) and propellers position (red dots) over AIS2

data; (b) Time-series of the ship’s heading obtained from the maneu-
ver simulator (black lines) and from AIS data (colored lines).
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FIGURE 4.11: Departure maneuver. (a) Simulator maneuver’s Head-

ing arrows (red arrow lines) and propellers position (red dots) over

AIS2 data; (b) Time-series of the ship’s heading obtained from the ma-
neuver simulator (black lines) and from AIS data (colored lines).

A comparison of the time-series of the maneuver descriptors is useful to validate
the maneuver. As in Llull et al. (2020), the Heading is found to be the best descrip-
tor, since it clearly shows the behavior of the ship with time, allowing to compare
the ship behavior at any time of the maneuver together with the total duration of

the maneuver. Time-series of the AIS maneuvers and the simulator maneuvers are
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therefore compared and shown in Figures 4.10 (b) and 4.11 (b). A common refer-
ence time is needed, so each maneuver time is re-scaled to fit a common time by
cross-correlating each AIS maneuver with the simulator maneuver. A re-sampling
of every signal to 1 Hz (the same sampling rate obtained in the simulator) is done
by spline interpolation. Note that the maneuver is in this case considered within the
dashed sub-area showed in Figures 4.10 (a) and 4.11 (a). After the maneuver valida-
tion, the engine behavior obtained from the simulator maneuver can be used as an
estimation of the real usage of the engines during the maneuver, to obtain the main

relevant parameters governing the scour phenomenon.

Main engines and bow-thrusters use during the maneuver

According to Figure 4.6, three points of interest are defined to split each maneu-
ver (Arrival and Departure) into three Maneuver Sections, and analyze each one
separately. The engine behavior is shown herein according to the Maneuver Sec-
tions MS1, MS2 and MS3, bot for Arrival (MS1A, MS2A and MS3A) and Departure
(MS1D, MS2D, MS3D) maneuvers. Within these sections, the engine orders show
no significant changes, therefore a mean engine regime (main propellers and bow-
thrusters) is obtained. Figures 4.12 (a) and 4.13 (a) show the ship maneuver pattern
by Heading vectors and the main propellers location at each ship position, colored
by Maneuver Section. The propellers position obtained from the AIS data is included
to better guidance. Figures 4.12 (b), (c) and 4.13 (b), (c), show the main engine (b)
and bow-thrusters (c) behavior, also colored by Maneuver Section.

According to the points of interest in the bathymetry, defined in Figures 4.8 and
4.9, the behavior of the engines during Maneuver Section MS2A, MS3A and MS1D
is of main interest. In case of MS3A and MS1D, these Maneuver Sections correspond
to the final stages of the arrival maneuver and the initial stages of the departure one,
respectively. During these Maneuver Sections, the main propeller system is located
over the erosion pattern near the quay wall, and the bow-thrusters are located above
the sedimentation area at the West Quay. In case of MS2A, the main propellers follow
the erosion pattern along the harbor basin, therefore the main engine regime is of
main interest.
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The arrival maneuver, Figure 4.12, begins when the ship enters the harbor basin,
combining astern port engine and ahead starboard engine to induce a port side turn-
ing moment to the vessel (Figure 4.12 (b), MS1A). Right after, to approach the stern
of the ship to the quay wall, the main propellers behavior is inverted, and port pro-
peller runs ahead while starboard propeller runs astern (Figure 4.12 (b), MS2A). This
combination is maintained during the rest of the maneuver, i.e., during MS2A and
MS3A. The motion of the ship is mainly sideways and no significant advance ve-
locity is observed during these Maneuver Sections (i.e., crabbing motion). During
MS2A, the bow-thrusters are used to place the ship in parallel with the West-Quay
(Figure 4.12 (c), MS2A), i.e., starboard thrust. On the other hand, during MS3A,
the bow-thrusters regime are inverted and they are used to induce port thrust and
approach the ship to the West-Quay horizontally (Figure 4.12 (c), MS3A). The be-
havior of the bow-thrusters near the berthing place during the arrival maneuver
indicates that the jet flow is not directed to the side quay-wall at this part of the ma-
neuver. During the arrival maneuver, the higher percentage of engine power is used
in MS2A, which is also the area of interest due to higher propeller scour. The mean
percentage of installed power is around the 15 %, both in ahead and astern regime.

The departure maneuver, Figure 4.13 , starts with the lateral crabbing motion to
separate the ship from the berthing quay. To move laterally, the bow-thrusters is
used inwards, i.e., starboard thrust and jet directed to the West-Quay. This behavior
is observed in the bar-plot in Figure 4.13 (c), MS1D. The mean percentage of power
used at this Maneuver Section by the bow-thrusters is around the 40 %. Since the jet
is directed to the West-Quay, this Maneuver Section is expected to cause the scour
pattern observed in the elevation profile parallel to the West-Quay, between 150 m
and 250 m from the South-Quay (see Profile B in Figure 4.1 (2017) and Figure 4.2 (b)
(2017)). Therefore, this area is an area of sedimentation, but locally eroded by the
bow-thrusters jet during the departure maneuver, at the Maneuver Section MS1D.

During MS1D, the main starboard propeller works in ahead regime while the
main port propeller works in astern regime (Figure 4.13 (b), MS1), at low engine or-
ders (5% of the installed power). Once the vessel is separated from the side quay,
the turning begins, increasing the delivered power of the bow-thrusters, Figure 4.13
(c), now farther from the West-Quay. The main engines are used in ahead regime
during this Maneuver Section, to induce ahead thrust. Firstly, only the port engine
is used, and later both engines runs at the time, when the turning is almost finished.
This maneuver section extends until the departure heading is reached, at Maneuver
Section MS3D (blue dots and arrows in Figure 4.13 (a)). At this time, both propellers
run ahead at a 10 % power, with no need of bow-thrusters, and the ship departs the
harbor basin. At the departure maneuver, lower engine power than at the arrival
one is needed. In this case, the simulator output yielded a maximum percentage of
installed engine power lower than the 10 %, both astern and ahead.



4.4. Results 85

Considering the formulae presented in Section 4.3.3 and the results yielded by
the maneuver simulation, the efflux velocity of each propeller at any time can be
obtained. As explained, the formulation is limited to forward rotating propellers,
meaning that in case of the departure maneuver, the astern rotating propeller in Ma-
neuver Section MS1D cannot be considered. In the same way, the astern rotating
propellers in Maneuver Sections MS1A, MS2A and MSAS3 are not included in the
velocity computation. During the arrival maneuver, the propellers location is coin-
cident with the erosion pattern at the Maneuver Section MS2A, in which both ahead

and astern engine power are used.

The efflux velocity obtained at any time during any maneuver yielded maximum
values close to 10 ms~ !, and average values between 4 and 6 ms ! (see Figure 4.14
(a) and (b)). The highest values are obtained during MS2A and MS3A, at the arrival

maneuver. Mean values of 6-7 ms~! and maximum values of 10 ms !

are computed
from the simulator output. However, due to the inner limitations of the formulations
present in literature, this computation does not consider the effects of the propeller
in astern regime. During the departure maneuver, the maximum efflux velocity is
obtained at MS3D, when both the propellers run ahead and the ship is about to leave
the harbor basin. At this point, the percentage of engine power used is about the 10
% and the efflux velocity is close 6 ms™!, in this case with both propellers ahead.
In the inner part of the basin (i.e., MS1D and MS2D) the obtained values of efflux
velocity are lower: 5 ms~! in both Maneuver Sections, with just one propeller ahead

in MS1D and both of them ahead in MS2D.

The estimated bed velocity (U,) is one of the needed inputs to the equations used
in bed protection design. For instance, in (Blokland and Smedes, 1996), Isbash cri-
terium (B;s > Pis,cr) is used (Eq. 4.8) to determine the bottom stability. In their
work, Shields criterium (¥ < ¥,,) is also used (Eq. 4.9), after determining an empir-
ical friction coefficient based on the measured transport intensity. Both of the meth-
ods depend on the computation of the Uj,, which is computed in this work with the
expressions in Table 4.4, depending of the maneuver conditions at each Maneuver
Section. The results are shown in Figure 4.14.

With these results, the input parameters for Eqs. 4.8 and 4.9 can be computed.
An example of the computation of the stability of the bed is considered interesting
to the present work, using the obtained results from the maneuver simulation. The
results obtained at the Maneuver Section MS2A are used in this example, because
higher loads are expected in this Maneuver Section (see Figures 4.6 (a) and 4.8). The
adaptation works in 2015 were performed in this area (see Section 4.2.2) and bottom
protection of material 20-300 was used to protect the bottom. In this case, D5y = 160
mm and ps = 2600 kgm 2 are used as approximate values. The friction coefficient
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FIGURE 4.14: (a) and (b): Efflux velocity (Up); (c) and (d) Velocity at
bed (U,), at each maneuver section. (a) and (c) Arrival maneuver; (b)
and (d) Departure maneuver.

obtained in Blokland and Smedes (1996) (0.1 < Cy < 0.15, therefore C; ~ 0.13)
is used herein, to compute the shear stress with Eq. 4.10. Also according to the
work in Blokland and Smedes (1996), the velocity at bed is computed with the Dutch
method (see Table 4.4, Eq. 4.3). As per the information provided in Section 4.2.2,
the bottom protection was located at -13.5 m depth, therefore a C, = 9.5 m is used
herein, considering the propellers depth. The results are summarized in Table 4.5. If
common values in literature are chosen as critical parameters (3.3 < Bis,cr < 5 and
Y. ~ 0.03) the bottom material is expected to be mostly stable, but with "occasional
movement" (Blokland and Smedes, 1996).

ZgAD50

ﬁis = (48)
up
T
= <ADm (4.9)
T= %cfpug (4.10)

Both arrival and departure maneuver close to the West-Quay are considered to
be in confined situation, since the propellers are most of the time over the thresh-
old established in this work (C;,/ Xy, > 0.18 and Fry,, > 0.25, see Section 4.3.3). The
computed distance to the quay wall when the ship is alongside is Xy, ~ 7D,. With
Ci = 9.5 m, the distance to the maximum velocity at bed is ~ 50 m, greater than the
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TABLE 4.5: Example calculation at MS2A. Results are shown accord-
ing to Minimum, Mean and Maximum computed velocity values.

Ug(ms™1) Uy (ms™1) Bis b 4
Min 6.5 0.9 6.4 0.03
Mean 7.5 1 4.8 0.04
Max 9 2 3.3 0.06

distance to the quay wall. At the same time, using the mean value of the efflux ve-
locity at MS3A (U ~ 6 ms~!, see Figure 4.14), the computed Wall-Froude number is
Fry = 0.3, over the threshold obtained in the Chapter 3 of this dissertation. Accord-
ing to both criteria, scour at the toe of the quay wall is expected and the equations
for confined flow must be used. Therefore, in case of MS3A and MS1D (arrival and
departure maneuver, respectively), U, is computed considering flow confinement,
yielding higher results in case of Dutch method rather than German method. This
is shown in Figure 4.14 (c) and (d), where the confined scenarios are highlighted by
adding a red contour to the bar plot. Close to the West-Quay, the mean value of U,
calculated during the arrival maneuver (MS3A) is between 2 and 3 ms~!, while it is

lower than 2 ms~! at the departure maneuver (MS1D).

Far from the West-Quay, Dutch and German formulation show higher disagree-
ment in the results, at it is expected when using both methods due to the differences
in the recommended coefficients (see Section 4.3.3). However, if the same method
(either Dutch method or German method) is considered to compare the results ob-
tained at the different maneuvers (arrival and departure), no significant differences
are found. For instance, by comparing the Maneuver Section 2 in case of arrival
(MS2A) and departure (MS2D) maneuver, which correspond to unconfined flow
and ship locations inside the inner basin (see Figure 4.6), a mean value of 3 ms™!
is computed during the arrival maneuver, while a value of 2.5 ms™! is obtained at
the departure one. This is in disagreement with the erosion pattern, which points to
a major effect of the arrival maneuver rather than the departure one. The main dif-
ference between the compared Maneuver Sections (MS2A and MS2D) is the regime
at which the engines are used. While during MS2A the main engines are used one
ahead and the other astern to allow the crabbing motion, during MS2D both engines

run ahead at low to mid engine power.

4.5 Discussion

The jet flow generated by maneuvering ships in low bed clearance situations is
known to induce erosion over the seabed sediment but is still difficult to predict
the effects of a specific ship operating in a harbor basin. Surprisingly, the study of
the erosion generated by ship’s propeller has barely been related with the maneuver
itself, which is the main causative of the propeller’s behavior. In BAW (2010), for
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instance, it is stated that the mooring (final stages of the arrival maneuver), the cast
off (the beginning of the departure maneuver) and the acceleration phase (when the
ship is sailing out of the basin) are considered the situations in which the vessel, ma-
neuvering at low speed, uses maximum propeller power and therefore is potentially
more harmful for the seabed. This is not in agreement with the observed erosion
pattern at the study case. As shown in Section 4.4 (Figures 4.8 and 4.9) the arrival
maneuver is expected to induce higher loads over the bottom rather than the de-
parture one. In the acceleration phase, which in the present case corresponds the
departure Maneuver Sections MS2D and MS3D, no scour is observed near the pro-
pellers position. Rather, an accretion area is observed nearby the location of the
propellers during the starboard turn in the departure maneuver, corresponding to
Maneuver Section MS2D (see Figure 4.9).

Three points of interest in the bathymetry of 2017 (Figures 4.8 (b) and 4.9 (b))
have been selected to understand the relationship between the ship maneuver, the
propellers behavior and the erosion pattern. These points are: the sedimentation
area near the West-Quay (see Figure 4.2 (b)), the area of bed protection (see Fig-
ure 4.2 (a)), and the scour around the bed protection (see Figure 4.2 (a) and (d)). A
decrease of the minimum depth in the sedimentation area, with an increase in the
maximum depth of scour between 2015 and 2017, is observed in the elevation pro-
files evolution. This is also reflected in the evolution of sediment volume above and
below the reference level -12 m, as stated in Section 4.2.2. Since the eroded volume
(below -12 m) increased between 2015 and 2017, together with a lower increase in
the deposited volume (above -12 m), local transport from the erosion areas to the
accretion areas, combined with sediment transport outwards the basin must be ex-
pected.

Interestingly, the effects of the bow-thrusters over the sedimentation areas are
observable by a gap in the elevation profile in Figure 4.2 (b), at 200 m from the South
Quay, the approximate location of the bow-thrusters when the ship is alongside. As
stated in Section 4.4, these effects are considered to be due to the action of the bow-
thrusters at the beginning of the departure maneuver, i.e, during MS1D. The effects
in this case are comparable to the effects found by Roubos, Blockland, and Van Der
Plas (2014), in their field study on the bow-thrusters induced scour at quay walls. In
this case, the erosion depth is stable between 2015 and 2017, pointing to an equilib-
rium around -12 m.

In Figure 4.8, clear agreement between the erosion pattern and the propellers po-
sition during the arrival maneuver is found. Specifically, according to the Maneuver
Sections defined in the simulator maneuver (see Figures 4.12 (a) and Figures 4.13
(a)), the erosion pattern is in agreement with Maneuver Sections MS2A and MS3A.
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As stated in Section 4.4, the use of ahead port propeller and astern starboard pro-
peller, simultaneously, is needed to approach the ship’s stern to the final berthing
location. The effects of twin propeller at inverse regime are not considered in the
guidelines or literature, although it is a common maneuvering scenario in twin pro-
peller ferries. The astern rotating propeller induce a jet towards the ship hull, that
is deflected. The effect of the jet deflection by the ship hull may be of importance,
increasing the flow pressure over the bottom just below the propellers plane. This
is indeed, observed in the physical model experiments performed by Mujal-Colilles
et al. (2018) and in the previous Chapter in this dissertation (3).

After computing the mean velocity at the bottom, at each Maneuver Section,
similar values are obtained between departure and arrival maneuver, with due con-
sideration of the calculation method. For instance, considering the German method,
the mean velocity at bed during MS2A is around 3 ms~?!, and the mean velocity at
bed during MS2D is around 2.5 ms 1. However, the effects of each Maneuver Sec-
tion according to the erosion pattern show that MS2A induce high erosion at the
bed, while MS2D seems to have barely any effect over the sediment. As shown in
Figures 4.12 (b) and 4.13 (b), there is a significant difference in the percentage of
engine power used at these two Maneuver Sections. However, since the U is pro-
portional to the cubic root of the engine power, a lesser difference is obtained in the
Up and Uy, being the last linear with the first. Again, the more remarkable aspect
is that the propeller working in the astern regime cannot be considered by applying
the existing equations in the guidelines. The equations, however, are used mainly
to obtain estimations of the expected load, to be used as known input to design for-
mulas. According to BAW (2005), protection rocks of dsp ~ 1 m should be used to
ensure stable bottom in case of U, values between 2 and 4 ms~!. This is in agreement
with the current protection of the eroded area, after the adaptation work performed
in 2015, as explained in Section 4.2.2. Moreover, the example calculation following
the work in Blokland and Smedes (1996) showed that the re-filling material used in
the adaptation work should be mostly stable under the operation conditions in the
simulator. Indeed, this bottom protection has been proven to be stable between 2015
and 2017. However, the use of this kind of bed protection, although useful to be ap-
plied locally, may lead to major cost increases in the harbor maintenance if no other

actions are considered in similar basins.

According to PIANC (2015) a factor of 0.15 is recommended to be applied to the
total installed power of the main engines, which is considered the regime at which
the engine is operating inside the port. As per the obtained results, this factor is
found to be a good estimation of the power usage during both the arrival and de-
parture maneuvers. Likely, in case of cross-wind conditions or counter-currents, the
ship needs more power to perform the same maneuver, leading to slight underesti-
mations. In case of applying higher coefficients to the equations to obtain the efflux



% Chapter 4. AIS data and maneuver simulation to prevent bed scour in harbor
environments

velocity (e.g., RO.M. (2012) recommends 0.4) some overestimation may occur, at
least in calm and mild wind conditions.

Special attention is paid to the obtained results near the quay wall, during the
last part of the arrival maneuver (MS3A) and the beginning of the departure maneu-
ver (MS1D). At these Maneuver Sections, the propellers plane are parallel to back
quay (Southwest corner of the harbor basin), at a minimum distance of ~ 40 m (i.e.,
around 7 Dj). Therefore, the jet flow is considered to be confined. This distance is,
however, close to the upper boundary established in PIANC (2015) to obtain the dis-
tance to the maximum flow velocity in case of unconfined flow (Cj,/ X, < 0.18),
suggesting that the effects of the quay wall, although present, may not be of signif-
icant importance. This would explain why the deeper erosion depth in the study
area, previous to 2015 (before the adaptation works), is not located just at the quay
toe (see Figure 4.2 (a) and (c)). In these Maneuver Sections, only one propeller is
used ahead close to the quay wall, as shown in Figures 4.12, MSA3, and 4.13, MSD1,
while the other is used astern. Again, the equations in the guidelines cannot provide
complete understanding of the phenomenon, since the action due to the propeller
in astern regime cannot be considered. Finally, since the twin propeller system is
combined with a twin rudder system, the effects of a rudder over the jet flow must
be considered. The presence of a rudder is known to split the jet flow with up-
wards and downwards deflection, increasing the spreading angle and inducing sig-
nificantly higher jet velocities at the bed (PTANC, 2015). With due consideration of
the former, the effects that Maneuver Sections MS3A and MS1D have over the bed,
cannot be considered only by applying the proposed formulation.

4.6 Concluding remarks

¢ The present work used the methodology published in Llull et al. (2020) to an-
alyze a case study and trigger the erosion observed in a harbor basin to the
maneuver pattern. Moreover, by using the maneuver simulator, evidence of
the main characteristics of the engines and thrusters performance during the

arrival and departure maneuver is provided.

¢ The results obtained from the simulator are used as input to the main equations
in literature to compute the flow velocity and the bottom stability.

¢ The AIS information is clue to clearly visualize and define the maneuvers sec-
tions and patterns. The AIS equipment now hosted by the FNB is an excellent
tool to monitor maneuvers of interest, compute maneuver time, extract statis-
tics of harbor use, traffic, etc. In this particular case, the detail provided by the
AIS system is enough to obtain a clear track of any maneuver that is willing to
be studied.
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* The arrival maneuver is proven to be more harmful than the departure one
in the harbor basin area under unconfined jet flow action. The coincidence in
the scour pattern, obtained from the bathymetries of the harbor basin, and the
propellers location yielded consistent results in this direction. After the use
of the maneuver simulator, the results confirmed that higher engine power is
needed to perform the arrival maneuver. Moreover, the regime of the main
propellers during the whole maneuver is a combination of ahead and astern

regime.

e The effects of the propeller jets in astern regime are not considered by the
guidelines, but is expected to be important as per the presented results. Since
the main scour pattern is in coincidence with the ship positions where both
ahead and astern orders are needed, the estimation of the loads induced by
astern rotating propellers is needed.

¢ The bow-thrusters during the first part of the departure maneuver are expected
to induce scour of the area nearby to the West-Quay up to -12 m. The scour hole
is surrounded by an accretion area that reaches dangerous low depths of -7 m.
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Chapter 5

Conclusions and future work

The study of the propeller jet induced scour is a wide field that embraces several
research lines, e.g., single propellers, twin propellers, confined or unconfined jets,
scour at closed and open quay structures, etc. Because of this, plenty of boundary
conditions need to be considered when evaluating the potential damage that a spe-
cific ship may cause. The influence of rudders, nozzels, or ship hull are examples of
these boundary conditions. It is, therefore, challenging to account for all these pa-
rameters in experimental studies. Because of that, different standard situations have
been studied at laboratory during the past and recent years. Through the study of
different standard situations, an attempt is made to cover the whole range of indi-

vidual situations found at field.

In the present work, two different standard situations have been analyzed from
different approaches. In Chapter 2, new experimental work in one of the most com-
mon situations, i.e., single propeller in an unconfined scenario, is presented. This
work aimed at providing new insights on the characterization of the induced bed
shear stresses by propeller jets, a topic barely studied to date. In Chapter 3, an
experimental study in scour due to twin propellers in confined scenarios is pre-
sented. Although very common at field, few research has been published regard-
ing the twin-propeller scour, and even less in case of confined scenarios. Both the
situations studied in Chapter 2 and Chapter 3 are related to the work presented in
Chapter 4, the real case study. In the latter Chapter, the different parts of the maneu-
ver are identified depending on the use of the propellers or engines. At each part of
the maneuver, either one or both propellers are used, being therefore in a situation
of single or twin propellers. The confinement or unconfinement scenario depends
on the ship position relative to the quay wall. The work presented in Chapter 3 is
used in the case study to establish a threshold distance between the propeller and
the quay wall. This threshold allows to differentiate between the confined and un-
confined scenarios. In this maneuver, the confined scenarios are restricted to the end
of the arrival maneuver and the start of the departure maneuver. Therefore, accord-
ing to the different scenarios faced in the real cases, the analysis must be performed

according to the most similar standard situation.
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In summary, this dissertation presents the research performed during the last
three years at three different research groups working on the same topic. A new
model to estimate bed-shear stress under single propellers in low bed clearance sit-
uations is provided. Moving the research to further steps, this work also proposes a
new expression to estimate the maximum eroded depth and the threshold of scour
in case of confined twin propeller jets. Finally, the use of a real maneuver simula-
tor for the first time, demonstrates that this is a needed tool to estimate the position
and magnitude of the maximum loads at the seabed due to ship maneuvers. Now,
conclusions and recommendations for future work are provided, summarizing and

correlating the final remarks presented at each individual Chapter.

5.1 Conclusions on Chapter 2

The obtained results from the work presented in this Chapter are focused on the es-
timation of the bed shear stress due to the propeller action as a function of the two
main variables: the efflux velocity and the bed clearance. To achieve this objective,
a self-designed shear plate has been used to obtain direct measurements of bottom
shear stress over a horizontal rough bed. This instrument has been used for the first
time in case of propeller jets. The obained results have been related to the char-
acteristic velocity of the propeller jet, also measured at the laboratory in the same
conditions.

The velocity measurements were performed with a very adaptable device that
has been proven to yield good results in the regions close to the propeller face. This
is especially true in case of measurements at the inner jet region, where the maxi-
mum velocities are located. The turbulence intensity and the spectral analysis re-
sults were useful to better characterize the flow field at the different regions in the
jet, showing consistency with literature studies. The propeller’s thrust coefficient is
also derived from this measurements, thus avoiding uncertainty derived from the

estimation of this parameter.

The obtained expression, Eq. 5.1, with Cy = 0.0013(5—’;)_1, is expected to work
in the range of bed clearance distances in this work. According to this expression,
for a unique efflux velocity, the mean bed shear stress is inversely related to the
bed clearance through a proportionality coefficient. The surface roughness must
be considered if the expression is applied. In the present case, only coarse sand is
used, therefore the use of the proposed expression should be limited to the case of
propeller jet flow over a similar material.

1
T = Epcfug (5.1)
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The shear plate is proven to be well working under the present flow conditions
and the obtained results are satisfactory to fit the scope of the present work. In this
respect, the time-averaged shear stresses showed good repeatability at the different
experimental conditions (i.e., the different propeller speed of rotation and bed clear-
ance). The dimensions of the shear plate may be a source of uncertainty, however,
a compromise between the uncertainty due to the integration of forces over the 0.1
m? surface and the response of the strain gauges is needed when this instrument is
used. With the chosen dimensions of the shear plate, measurements in the optimum
range of the sensors are ensured.

The shear plate is located at the region where maximum flow velocities are ex-
pected. Based on literature studies, the maximum flow velocity at the bottom level
in case of jets over a horizontal boundary is estimated. Two different axial distances
from the propeller plane to the shear plate edge were tested. These distances were
chosen to locate the plate at 2 positions, with ~ 50% overlapping. The experiments
that yielded higher shear stresses are used to obtain empirical relations between the
propeller jet velocity, the bed clearance, and the time-averaged shear stresses.

5.2 Conclusions on Chapter 3

The obtained results in Chapter 3 provided new insights in the scouring action of a
twin propeller system in a confined condition. This is a common situation, described
in the bed-side books and guidelines, but still focus of very few research in propeller
induced scour.

Experiments at physical model allow to study the multiple parameters involved
in the scour process separately, by including new variables or keeping them con-
stant. The propeller bed-clearance, the wall-clearance and the speed of rotation are
the main parameters analyzed in this work. Although useful to obtain clear results
at laboratory, these experiments provide no full understanding of the problem, and
attention must be paid to the validity range of the formulas obtained from the phys-
ical model. In this thesis, three equations are proposed to estimate the maximum
scour depth in case of twin propeller jets. Two of them, Egs. 5.2 and 5.3, are used to
describe the temporal evolution of the scour depth near the Front Wall. The third,
Eq. 5.4, is used to predict the equilibrium scour depth due to backward rotating
twin-propellers.

5 —4,Cn U tUy
=2.539 x 1074(o1)%° 21 4425 50
Xw (Xw) (m) [ (Xw )] (5.2)
5 — Uy tUy
— =2531x1073 267[1 3.19 53
Xuw (\/gTw> [In( Xo )l (5.3)
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£ = 1.19( )(=L) =0 (5.4)
D, 8Dy Dy

Egs. 5.2 and 5.3 show that near the Front Wall, the scouring is governed by the
Wall Froude Number (Fr;), both in case of FWD and B & F experiments. The bed
clearance, on the other hand, has much lower effect in the scour depth near the Front
Wall. This is especially true in case of B & F rotation, where no differences are ob-
served in the evolution of the maximum scour depth near the Front Wall due to the
change in this variable.

A threshold value of Fry, is found to define the no-scour condition near the Front
Wall. The measured scour depths are extrapolated to the no-scour condition, show-
ing that no significant scour is expected for Fr;, < 0.25. This threshold may be appli-
cable to real scenarios, to define the minimum distance between the ship propellers
and the quay walls.

Far from the wall, due to backward rotation, Eq. 5.4 show that the equilibrium
scour depth is much more influenced by the flow velocity rather than the bed clear-
ance. In these experiments, the highest speed of rotation and the lowest distance to
the bed yielded the greatest scour depth. The equilibrium depth in case of backward-
rotating twin-propellers is linearly dependent on the Froude number of the flow and
inversely related to the square root of the dimensionless bed clearance.

The derived equations are expected to work in the ranges of non-dimensional pa-
rameters they have been developed with. In this work, the ranges of non-dimensional
parameters used (Fry, Fry, Xw, Cp) are closer to the ones expected in-situ, compared
to previous works. Still, scale effects should not be totally discarded if the expres-
sions are not validated in other conditions, both at model and prototype scale.

The time duration of the present experiments is short in comparison with pre-
vious work in literature, but the maximum scour depth is not lower, mostly when
compared to experiments in unconfined flow conditions. The twin propeller system
causes higher loads over the sediment bed, compared to single propellers, therefore
leading to higher scouring rates. At the same time, the higher densimetric Froude
number in the present experiments, compared to the previous work, is related to
higher scouring rates, mostly during the first stages of the scour hole development.
Still, the equilibrium condition is not reached at the near-wall region in the present
experiments, although some of them reached a stabilization stage. Contrarily, in
the case of backward rotating propeller, the equilibrium is reached in this work at a
scour depth close to 1 D, for the lowest bed clearance. The effect of the ship hull,
in this work modeled as a squared-shape stern, is undoubtedly of relevance in this

process.
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For the first time, backward rotating propellers have been studied, aiming to pro-
vide a guide to new works considering this scenario. Ship propellers are designed
to work in ahead regime, where they are much more efficient. This fact, however,
should not exclude the propellers in astern regime from the scour analysis. During
in-harbor maneuvers, propellers may be used either in ahead or astern regime, de-
pending on the maneuver requirements. Because of that, the Back & Forth scenario
is proposed in this work as standard situation to analyze the effects of the intermit-

tent astern and ahead regimes.

5.3 Conclusions on Chapter 4

The study of the propeller induced scour is approached in this Chapter from a case
study. This work aimed at identifying the conditions where a real ship is more dam-

aging, during a standard maneuver situation.

Within a single ship maneuver, the duration of the hydraulic load is short, and
the location changes due to the ship motion. However, from AIS data visualization
of the study ship during arrival and departure maneuvers, it is clear that the same
maneuvers are performed with daily basis. Through the time evolution of the bed
morphology, the cumulative effect of these loads is proven to cause a well-defined
erosion pattern at the seabed.

The location of the main propellers during the arrival and departure maneuvers
shows that only the arrival maneuver patterns are coincident with the eroded area.
Thus, the arrival maneuver must be expected to induce higher loads over the bottom
compared to the departure one, at least in the region with unconfined jet conditions.
This could have direct practical applicability in harbor management. For instance,
the use of the tug boats in the case study, if needed, may be only necessary during
arrival maneuvers, since it appears to be the most harmful maneuver.

By reproducing the maneuvers in the simulator, results of the engine perfor-
mance during both maneuvers (arrival and departure) are obtained. At the arrival
maneuver, when the propellers are located above the eroded area, the engines show
a consistent behavior: one propeller runs ahead, while the other is needed to work
astern in order to approach the ship’s stern to the berth, i.e., crabbing. During the
departure, only the first stages of the maneuver present this behavior. Moreover, the
percentage of total engine power needed in the arrival maneuver is higher than in
the departure one. During the unberthing (departure maneuver), however, the bow-
thrusters induced thrust is higher than at the arrival maneuver. Moreover, the bow-
thrusters jet is directed towards the side-wall during the departure maneuver. These
effects are observed in the seabed evolution, since the eroded areas are located be-
low the propellers position during the arrival maneuver, and near the bow-thrusters
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location during the departure. The last, however, is of lower magnitude.

Formulae in literature is applied to the study case, from the results of the simu-
lator. The mean efflux velocity and seabed velocity is obtained at every predefined
Maneuver Section. The higher values are found during the Maneuver Section MS2A,
in agreement with the eroded pattern in the harbor basin. However, the differences
between the calculated mean velocity at bed during the arrival (e.g., Maneuver Sec-
tion MS2A) and the departure (e.g., Maneuver Section MS2D) are not remarkable.
The main difference between the Maneuver Sections MS2A and MS2D is the use of
the engines astern. At the departure, the starboard turn of the ship is mostly driven
by the use of the bow-thrusters. At the arrival, both of the main engines, one astern
and the other ahead, are needed to approach the ship stern to the berth. As seen in
Chapter 3, the propeller jet in astern regime, interacting with the ship hull, may cre-
ate scour holes beneath the propellers position with an equilibrium depth up to 1D,.

The methodology used in this Chapter aims at providing specific insight into
a case study, and the results cannot be applied at other situations without proper
analysis. However, it is now proven that the higher loads location can be estimated
from AIS data analysis, after reproducing the maneuver in the simulator. The ex-
pected loads over the seabed can be quantified for specific maneuvers by using the
available methods in literature and guidelines. In the present case, for instance, the
formulae from PIANC (2015) was used to estimate the efflux and bottom velocity
at every Maneuver Section. After that, the bed protection is dimesioned to ensure a
stable bottom below the ship propellers location during the maneuver.

5.4 Future work

Based on the experience and the results obtained from the work presented herein,
this Section proposes future work and recommends some topics that may be inter-
esting for further research.

The results obtained in Chapter 2 are encouraging to continue the experimen-
tal work in propeller induced shear stress measurements with the proposed set-up
and instrumentation. New experiments with the same conditions and different plate
roughness are expected to add new insights into the effects that this parameter have
on the friction coefficient. Performing experiments with a smooth plate could be also
interesting to validate the measurements with literature studies, mainly focused on
shear stress over hydraulically smooth beds. Moreover, new elements could be in-
cluded in the experimental setup without impairing the proper functioning of the
shear plate. Different propeller types, twin propellers and central rudders are exam-
ples of boundary conditions considered interesting for further studies.
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In combination with the former, velocity measurements at the plate location are
considered of main relevance to allow the estimation of the bottom shear stresses
independently (see Section 2.1, where some methods are mentioned). In this regard,
velocity measurements over the plate will provide further validation of the shear
plate measurements. Moreover, characterizing the velocity at bed and use this pa-
rameter instead of the efflux velocity could be interesting to provide a more suitable
parameter to relate the results with further experiments under different conditions,

in case the efflux velocity is kept constant.

Future work in twin propeller induced scour is already on-going at LIM-UPC,
following the work presented in Chapter 3. In the first place, from the already pre-
sented measurements, the analysis of the eroded volumes is under development.
From the 3D surface grids obtained from the work presented herein, the total eroded
volume at each time-step is computed for every experiment. Although the max-
imum scour depth is an important parameter to account for in design, Port Au-
thorities are also concerned on the volume of material that is removed. As seen in
Chapter 4, the amount of volume that is removed from the eroded area, end up in a
deposition region, where some problems may arise due to the reduced water depth.
Reliable estimations of the time evolution of the eroded volume could be used to

optimize dredging operations in harbor basins and navigable channels.

As discussed in Section 4.5, the crabbing motion has been not considered in exper-
imental models to date, but it is suspected to induce high erosion depths. The results
obtained through the maneuver analysis and simulation in Chapter 4 point to the
need of considering this maneuver situation, very common in case of twin-propeller
ships equipped with bow-thrusters. Experiments at physical model in Chapter 3
presented some results in backward rotating propellers, but further work must be
also focused on inverted forward/backward twin-propellers, i.e., the combination
during the crabbing maneuver. Inclusion of a more accurate design of a ship hull and
central rudders are also necessary to perform further experimental work in the phys-
ical model. Finally, flow velocity measurements in case of backwards rotation are
relevant to this work and must be performed in the future. The results obtained in
scour depth due to backward rotation shows that the velocity term is more relevant
to the scour depth than the bed clearance, but so far experimental work relating the
propeller characteristics, the ship hull and the bed induced velocities in backward

rotation is lacking.

It must be considered that the work presented in Chapter 4 is based on the repro-
duction of a standard maneuver, validated through expert criteria. In order to obtain
more robust results, the maneuvers need to be reproduced at the simulator several

times, by different experts. Statistics of the use of the engines will provide stronger
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evidence on the locations where higher loads must be expected. The main limita-
tion, however, is that maneuver simulations are time-consuming and knowledge in
maneuvering is needed to perform the work. These limitations must be taken into
account when designing future simulator studies.

Finally, new work in the simulator could be also focused on the effects of cross-
winds on maneuvers and the increase of the erosive potential of any maneuver in
severe weather conditions. Through maneuvering studies with different meteoro-
logical conditions, the more damaging scenarios could be identified and threshold

conditions could be established, for example, for the use of tugboats.
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Appendix A

Velocity measurements

A.l Long measurements atx=1D,

2 pos: (8,-20) 2 pos: (0,-8) 2 pos: (0,-4) 2 pos: (0,0)
£l £1 Elhn £l
20 20 20 20
0 100 0 100 0 100 0 100
time(s) time(s) time(s) time(s)
pos: (0,4) pos: (0,8) pos: (4,-8) pos: (4,-4)
~2 ~2 ~2 L\L\/ ~2
By | B BT BT
=N - = =
0 100 0 100 0 100 0 100
time(s) time(s) time(s) time(s)
5 pos: (4,0) 5 pos: (4,4) 5 pos: (4,8) 5 pos: (8,-8)
P S % % A W I
£l £ 1St E 1} g1
H H E et z
0 0 0 0
0 100 0 100 0 100 0 100
time(s) time(s) time(s) time(s)
2 pos: (8,-4) 2 pos: (8,0) 2 pos: (8,4) 2 pos: (8,8)
él F‘ ........... \E/ 1 e ] ié‘i 1 L’F \é-)/l
0 20 70 0
0 100 0 100 0 100 0 100
time(s) time(s) time(s) time(s)

FIGURE A.1l: Cumulative mean of the time-series. The solid red line
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averaged velocity.
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A.2 Axial velocity distribution
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(c): Radial distribution of u fitted with the double-peak gaussian

model at 250rpm and 300rpm respectively.(b), (d): 2D colormaps of

u at 250rpm and 300rpm respectively. The solid black circumference

shows the radial location of the maximum velocities, while the white
solid circumference shows the propeller diameter.

(a)

(b)

0.3
osl g 0.5
i%)?((x 0.2
2™ of % g8 o 2
= \N =
%
ot 38
-0.5 05 0
0 0.2 0.4 0.6 -0.5 0 0.5
w/U, Y/Dp
(©) (@
0.3
0.5 . 0.5
XK %ﬁ
0.2
XK X °
o X o 5
ok & o 2
X 0.1
o
0.5 05 0
0 0.2 0.4 0.6 -0.5 0 0.5
u’/U y/D

0

P
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A.3 PSD of axial velocity measurements at the inner jet
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FIGURE A.4: PSD measurements at the inner jet (250 rpm). Each fig-
ure contains the radial position (R;;) of the measurement.
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FIGURE A.5: PSD measurements at the inner jet (300 rpm). Each fig-
ure contains the radial position (R,,) of the measurement.
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Shear stress measurements

In this Appendix, the long measurement of bed shear stress obtained during BSS1
experiments is presented and compared with the 6 repetitions of short measure-
ments in the same experimental conditions (300 rpm). The results are included since
the filter applied to the shear stress measurements is based on the analysis of this
long-series. The signal filtering was performed to minimize the noise level and to
obtain the noise-free standard deviation of the measurements, to estimate amplitude
of the fluctuations of the propeller induced bed shear stresses.

In Figure B.1 (a), (b), (c), the raw measurement obtained by each strain gauge
(SS1 and SS2) is shown, together with the frequency spectrum and the cumulative
frequency spectrum. The time-averaged bed shear stress and the standard deviation
of the signal are included in table B.1 named as signal0.

A low pass Butterworth filter is applied with a cut-off frequency of 45Hz to re-
move the high frequency noise in the signals. The resulting signals are shown in Fig-
ure B.2 (a), (b), (c). The time-average and the standard deviation of the filtered signal
are included in Table B.1 under the name signall. An energy peak at a frequency of
10 Hz is observed and analyzed. The contribution of this range of frequencies to the
signal is analyzed by applying a band-stop filter to the range between 8 and 12 Hz.
The time-average and the standard deviations of the resulting signal are compared.
The obtained values are included in the table and the filtered signal is named signal?2.

After filtering, the time-average value is kept the same and the dispersion of the
signal obtained by the two strain gauges yielded very similar values. Since the fre-
quencies higher than 12 Hz do not significantly contribute to the resulting signal,
a final design of a cut-off filter at 15Hz with order 7, enough to attenuate the fre-
quencies at 10Hz without having any influence in the lower frequencies, is applied.
The new signal is named signal3. The resulting signal is presented in Figure B.3 and
the time-averaged measured stress and standard deviation are included in Table B.1.

The 6 repetitions of 80 seconds duration in case of BSS1 experiments are included
to show the agreement with the time-average of the long-series. In Figure B.4 (a), (b),
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all the measurements in BSS1 are shown. The power model y = Kx? with K = 0.04
(according to the results in Section 2.3.2) is plotted in solid black. At 300 rpm, the
same speed of rotation as the long measurement, the average bed shear stress is 0.85
Nm~2, in well agreement with the long measurement (see Table B.1). Besides, in
Figure B.4 (c), (d), the time-average bed shear stress is plotted against the standard
deviation of each measurement, yielding a linear agreement between both values
with R? = 0.88. The characteristic slope of the adjustment is 1.1, also in well agree-
ment with the standard deviation in the long-series (see Table B.1).

In Figures B.5, B.6 and B.7, the same results as in Figure B.4 are shown for each
experiment (BSS2, BSS3 and BSS4, respectively). The power model in solid black is
plotted with the different values of K showed in Section 2.3.2. In these cases, linear
agreement between the time-averaged bed shear stress (1p) and the standard devia-
tion of each measurement (o) is found, with different characteristic slopes (m), each
one showing the expected variability of the bed shear stress for each experimen-
tal condition. The results are summarized in Table B.2, including the experiment
acronym, the K value, the characteristic slope () and the R? of each linear fit.

TABLE B.1: Statistics of the original and filtered signal.

Signal Mean (SS1) Mean (SS2) Std (SS1) Std (SS2)

signal0  0.90 0.93 1.93 1.48
signall 0.90 0.93 1.34 1.43
signal2  0.88 0.91 1.16 1.21
signal3  0.88 0.91 1.10 1.13

TABLE B.2: Results of the adjustments at each experiment.

Experiment K m R?

BSS1 004 11 0.88
BSS2 0.07 0.83 0.97
BSS3 0.05 0.83 0.95

BSS4 0.07 0.69 0.93
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FIGURE B.1: (a) Time-series of signal0; (b) Power Spectral Density
(PSD); (c¢) Cumulative PSD.
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FIGURE B.2: (a) Time-series of signall; (b) Power Spectral Density
(PSD); (c¢) Cumulative PSD.
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FIGURE B.3: (a) Time-series of signal3; (b) Power Spectral Density
(PSD); (c) Cumulative PSD.
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FIGURE B.4: (a), (b): Time-averaged shear stress at each repetition

and speed of rotation in BSS1 experiment; (c), (d): Agreement be-

tween the standard deviation of each measurement and the time-
averaged value.
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FIGURE B.5: (a), (b): Time-averaged shear stress at each repetition

and speed of rotation in BSS2 experiment; (c), (d): Agreement be-

tween the standard deviation of each measurement and the time-
averaged value.
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FIGURE B.6: (a), (b): Time-averaged shear stress at each repetition

and speed of rotation in BSS3 experiment; (c), (d): Agreement be-

tween the standard deviation of each measurement and the time-
averaged value.
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and speed of rotation in BSS4 experiment; (c), (d): Agreement be-
tween the standard deviation of each measurement and the time-

averaged value.
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Appendix C

Categorization of the maximum
depth profile

This Appendix provides further details in the methodology used to categorize each
profile as merged, transition to merge or no-merged profile, according to the presence of
1 or 2 scour holes due to Forward rotation. The scour hole due to Backward rotation
is not considered to define each profile, since all the scour profiles obtained from B
& F experiments present a main scour hole due to Backward rotation. The method-

ology is explained herein through some examples.

Departing from a center-line profile (or maximum depth profile), a finite differ-
ences based method is applied to obtain the bed slopes profile (first derivative of the
center-line depth profile). Since the maximum depth profile is discretized at AX =1
cm, the Eq. C.1 is applied, being Z the scour depth at each X position along the
maximum depth profile.

A[Z)(X) = Z(X—l—AAX}z—Z(X) 1)

In case of B & F experiments, this method will distinguish between merged and

no-merged profiles by finding the HBHfwp hole, in case it exists. The presence of
HBHrwp hole is determined by the existence of an Up-Crossing Zero (UCZ) in the
slopes profile, between the near-wall region and the propellers plane. To avoid any
misbehavior, the very first position of the main depth profile is set to 0 in all cases,
so that a first UCZ is always found in the near-wall region. The next UCZ along the
X axis is located at the position of the maximum depth of the HBHryp hole. In case
there is no HBHwp hole, the slopes profile does not show any UCZ between the
FW and the propeller’s plane. An example is shown in Figure C.1, for the case of a
no-merged profile (300 rpm) and a merged profile (400 rpm).
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(a)

0 — 300rpm
£ ————400rpm
N

-0.4 .

4
§ 0.5
% -0.5
N 4

FIGURE C.1: X" = 7D,, CI"" = 1D,. (a) Maximum depth profile;
(b) Slopes profile.

In FWD experiments, a third category -transition to merge profile- is added. The
transition profiles are those profiles showing a two-hole morphology but clearly in
transition to become merged. This condition is considered by evaluating the symme-
try of the HBH respect to the vertical axis at the position of the maximum depth.
Since the maximum depth is found by locating the UCZ in the sub-area between the
FW and the propeller’s plane, the positive and negative area enclosed by each curve
are compared. In the cases in which the negative area is below a previously chosen
accuracy value (in the present experiments, the 35 % of the total area is found rea-
sonable) the profile is considered to be in transition. In Figure C.2 an experiment
going through the three phases is shown to illustrate the method. At 5 minutes, the
profile shows a no-merged morphology, at 25 minutes, it becomes a transition profile,
and finally a merged profile is observed at 60 minutes.
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FIGURE C.2: Xg}i" = 7Dy, C}’l”i” = 1D,. (a) Maximum depth profile;
(b) Slopes profile.
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Appendix D

Experiments on local scour

D.1 Contour plots of the experiments at 5 minutes time in-

terval
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D.1. Contour plots of the experiments at 5 minutes time interval
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D.1. Contour plots of the experiments at 5 minutes time interval
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D.1. Contour plots of the experiments at 5 minutes time interval
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D.1. Contour plots of the experiments at 5 minutes time interval
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D.2 Time evolution of maximum depth longitudinal profiles

300rpm 350rpm 400rpm
a)
| i i
0tz 0 = 0 AN
aQ, (o9 / (o9 |
a a /- a
N -1 | N -1 N -1
I \
2 | 2 | 2 i
0 5 10 0 5 10 0 5 10
/D /D x/D
o ¥ p
b)
| i i
0 i 0t 0t o~
Sy r// oy r// ~ o L/ =
a a a
N -14I N -1 ‘ N -1
I \ \
2l 2l ol
0 5 10 0 5 10 0 5 10
x/D x/D x/D
P P P
c)
| \ \
0 0 | 0 b~
a o M a [
a a a
N -1 Jl N -1 ‘ N -1 ‘
I \
20 2 2
0 5 10 0 5 10 0 5 10
x/D x/D x/D
p p p
d)
| i R
0 0 17 0
o z §§? o a f
a | a - a
N -1 4| N -1 ‘ N -1
I \ \
2 | 2 | 2 |
0 5 10 0 5 10 0 5 10
x/D x/D X/Dp
Omin
Smin
10min
15min
20min
25min
30min

FIGURE D.9: Longitudinal bed profile evolution at 300rpm, 350rpm
and 400rpm. FWD experiments. (a) X3/, C'**; (b) Xi*, C;'™; ()
XZ}M,C;TM; (d) (a) in;uxlcznin



D.2. Time evolution of maximum depth longitudinal profiles 125

300rpm 350rpm 400rpm
a)
0 e 0 L/J\ o~ 0 |
y ) \
=7 N <7 3
N -1 N -1 ‘ N -1
\ \
2 2 | 2 |
0 5 10 0 5 10 0 5 10
x/D x/D x/D
p p p
b)
| |
N\ N
0 0 0
o / \/ [ % o |
% a a
-1 N -1 | N -1 ;
\ \
2 2l 2l
0 5 10 0 5 10 0 5 10
x/D x/D x/D
p p p
©)
| N\
0 7 0 0
=y a | o l/\ /
% a ‘ a
1 N -1 | N -1 ‘
[
-2 21 21
0 5 10 0 5 10 0 5 10
x/D x/D x/D
p p p
d)
| |
0 W 0 0
o o o ‘
T . S 4| 2l
\ \
2 ol ol
0 5 10 0 5 10 0 5 10
x/D x/D x/D
p p p
Omin
5minb
10minf
15minb
20minf
25min,b
30minf

FIGURE D.10: Longitudinal bed profile evolution at 300rpm, 350rpm
and 400rpm. B & F experiments. (a) Xy, C;'™; (b) X%, C'*; ()
X;rynin/c;lnin; (d) (a) Xz)wx,c;lnin



126

Appendix D. Experiments on local scour

D.3 Time-Series of maximum scour depth at the Front Wall

(FW)
(a)

3
g |

0 ¢ : : : :

0 15 30 45 60

(©) time(min)
o |
A o]t 3

0 ¢ : -

0 15 30 45 60

(e) time(min)
g |
I
0 /v"ﬁ.f'fﬁ . .
0 15 30 45 60
time(min)

FWD X, =7D, C,=1.5D,
e FWD X =7D, C,=1.0D,
e FWDX =10D,C,= 15D,
e FWDX =10D,C,=1.0D

(b)
0.04
£
£ 002
© %ﬂ;’;’\‘\\'
’ 0 15 30 45 60
(d) time(min)
0.04
g
£ 002
S|
%oz,
O N e L L
0 15 30 45 60
) time(min)
0.04
£
£ 002}
2
. o5 | |
0 15 30 45 60
time(min)

FIGURE D.11: FWD experiments. Scour depth evolution (Figures (a)
(c) (d)) and scouring ratio (Figures (b) (c) (e)). (a),(b) 400rpm; (c),(d)
350rpm; (e),(f) 300rpm.



D.3. Time-Series of maximum scour depth at the Front Wall (FW)

(a)
3
a2t
51 /./*/‘
0 &2 : : : :
0 15 30 45 60
() time(min)
3
=2t
a
P —
O [

0 15 30 45 60

(e) time(min)
52|
0 W

0 15 30 45 60
time(min)

B&F X =7D, C,=15D,
e B&F X =7D,C,=1.0D,
e B&F X = 10D, C,= 1.5D,
o B&F X, =10D, C,=1.0D,

(b)

dS/min

dS/min

C

dS/min

0.04

0.02 ¢

0.04

0.02 ¢

15 30 45 60
time(min)

— ., .,

15 30 45 60
time(min)

15 30 45 60
time(min)

FIGURE D.12: B & F experiments. Scour depth evolution (Figures (a)
(c) (d)) and scouring ratio (Figures (b) (c) (e)). (a),(b) 400rpm; (c),(d)

350rpm; (e),(f) 300rpm.







129

Appendix E

Results of the non-linear model for
time dependent scour near FW
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