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A B S T R A C T   

We present a new set of experiments in local scour due to confined twin propeller jets aiming to include propeller 
driving characteristics to the analysis of the scouring action during in-port manoeuvres. 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 manoeuvres, both forward and backward rotation of the propellers are analysed 
showing a different behaviour. The obtained results are used to propose two different empirical models, one for 
each regime of rotation. A new non-dimensional parameter obtained from the Buckingham π analysis, proposed 
as wall Froude number, is used to find a clear 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 propeller speed of rotation or the bed clearance.   

1. Introduction 

The use of marine propellers causes any vessel navigating or 
manoeuvring in a harbour 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, therefore reducing its operational 
draught, 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 and Drive, 
2004; Hoffmans and Verheij, 2021; Sumer and Fredsoe, 2002; White-
house, 1997). 

The study of the propeller induced erosion has been traditionally 
performed experimentally in physical models. The propeller jet prop-
erties 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 expressions 
developed to characterize the propeller jet, mostly focused on local 
scour studies. They collected the different methods to obtain the efflux 

velocity (U0) parameter, 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 et al. (2020) published an exhaustive review of the 
propeller induced scour recent and past research, including both the 
local scour research performed at physical models and recent studies in 
flow behaviour during the scour process performed by PIV. They 
distinguish two main research lines existing in propeller induced local 
scour: unconfined conditions and confined conditions. The former as-
sumes the free expanding of the propeller jet flow while the latter con-
siders the interaction of the jet flow 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 et al. (1999) and Cui et al. (2020a) 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 et al. 
(2014). In Llull et al. (2020) and in Mujal-Colilles et al. (2017), ba-
thymetries of the harbour basin are used to validate some of the equa-
tions existing in guidelines using real vessel and manoeuvre data as 
input to the models. Blokland and Smedes (1996) proposed one of the 
most used methods to analytically estimate the propeller induced 

* Corresponding author. Maritime Engineering Laboratory, Department of Civil and Environmental Engineering, UPC-Barcelona Tech, Barcelona, Spain. 
E-mail addresses: antoni.llull.marroig@upc.edu (T. Llull), anna.mujal@upc.edu (A. Mujal-Colilles), xavi.gironella@upc.edu (X. Gironella).  

Contents lists available at ScienceDirect 

Ocean Engineering 

journal homepage: www.elsevier.com/locate/oceaneng 

https://doi.org/10.1016/j.oceaneng.2021.109461 
Received 27 January 2021; Received in revised form 2 July 2021; Accepted 4 July 2021   

mailto:antoni.llull.marroig@upc.edu
mailto:anna.mujal@upc.edu
mailto:xavi.gironella@upc.edu
www.sciencedirect.com/science/journal/00298018
https://www.elsevier.com/locate/oceaneng
https://doi.org/10.1016/j.oceaneng.2021.109461
https://doi.org/10.1016/j.oceaneng.2021.109461
https://doi.org/10.1016/j.oceaneng.2021.109461
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceaneng.2021.109461&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ocean Engineering 236 (2021) 109461

2

velocity at seabed from field tests too. Abramowicz-Gerigk et al. (2018) 
studied the bow thrusters induced currents by large ships and success-
fully test the expressions proposed in PIANC (2015) for the most com-
mon 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 nu-
merical studies have been performed in propeller jet modelling over the 
last two decades. The earlier references are included in Carlton (2012), 
although a considerable number of more recent articles, mostly focused 
on propeller design, noise reduction, cavitation, etc., have been pub-
lished in this field (Ahmed et al., 2020; Sun et al., 2018; Usta and Korkut, 
2018). Focusing on the flow evolution of a twin propeller, Cui et al. 
(2020b) recently published a combination of numerical and experi-
mental 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, considering the propellers 
position as a moving and orientable flow, 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 generalise when analysing the effects of the propeller 
jets. However, some types of ships are commonly associated with a 
specific propeller type. For instance, ferry and RO-RO ships are 
commonly associated with stern twin propellers, combined with one or 
two bow thrusters to manoeuvre. These are one of the most common 
ships transiting Mediterranean ports (Marzano et al., 2020) and are 
object of the present paper. 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 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 paper presents an experimental study at a laboratory 
with a twin-propeller model in confined condition, i.e., near a vertical 
boundary. Typical RO-RO and ferry ships propellers are modelled in the 
presented set of experiments, aiming at studying their effects near the 
harbour structures, where they operate with daily basis. Mujal-Colilles 
et al. (2018) presented the initial set of experiments, and the present 
contribution increases the scenarios in pitch ratio and, more impor-
tantly, improving the measuring area by reaching to up to 0.05m to the 
vertical wall, allowing the analysis of the local scour at the closest lo-
cations to the vertical wall. With the obtained results, we present a new 
empirical relationship between manoeuvring conditions and scouring 
action. 

Therefore, the present work is divided into the following sections: 
The case study and experimental set-up are presented in sections 2 and 
3. In section 4, the main results are shown. The experimental results are 
shown in section 4.1, the existing empirical formulae is tested in section 
4.2 and an empirical model for the time-dependent scour near quay 
walls due to twin propeller jets is proposed in section 4.3. From the 
experimental results, a non-dimensional parameter, named the wall 
Froude number (F0,wall) in the present article, is proposed to be directly 
related with the scour depth in confined scenarios, as explained in sec-
tion 4.3. Discussion over all the aforementioned topics is found in sec-
tion 5. At the end of the manuscript, an acronyms section is included as 
an aid in the reading process. Supplementary material is also provided, 
including complementary figures. 

2. Case study 

The present model is scaled from typical RO-RO and RO-PAX vessels, 
with twin propellers diameter up to Dp ≈ 6m and a range of propeller 
speeds of rotation between 90 and 140 rpm. These kind of ships usually 

operate with daily basis in most of the Spanish Mediterranean ports with 
short sea shipping industry (Castells-Sanabra et al., 2020; Marzano et al., 
2020). The twin propeller system, combined with transverse thrusters, 
allows these vessels to manoeuvre by their own means, i.e., with no need 
of tug assistance, in small harbour basins with low Under Keel Clearance 
(UKC), defined as the 30% or less of the static draught of a ship ac-
cording to IMO (1993), and short distances to closed berthing quays. The 
nature of their commercial activity makes these ships to perform the 
same manoeuvres every day at the same basins, thus having an accu-
mulative effect over the sediment bed. These manoeuvres have a total 
duration of around 25 min/manoeuvre with an accumulated time of 600 
manoeuvres per year. 

To fulfil the similarity requirements, the Froude number (Fr) is used 
to scale the dynamic effects (Eq. (1)), considering also the Reynolds self- 
similarity theory by ensuring high enough Reynolds number (Re > 105) 
of the flow (Eq. (2)) and the propeller (Eq. (3)(4)) to neglect scale effects 
due to viscosity. According to Verhey (1983), these effects can be 
avoided if the flow and propeller Reynolds number are greater than 
3⋅103 and 7⋅104.respectively. Moreover, the range of densimetric Froude 
numbers (F0,d) (Eq. (5)) 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 < F0,d < 15) is usually found 
(Cui et al, 2019, 2020c; Hamill, 1988; Hong et al., 2013; Tan and Yüksel, 
2018). However, scale effects due to the sediment size must be expected 
since the densimetric Froude number at prototype situation may reach 
F0,d ≈170 in case of big ships over fine sand sediment (Mujal-Colilles 
et al., 2017). Table 1 summarizes the range of non-dimensional 
parameter values covered by the present experiments, according to 
the results yielded by Eqs. (1)–(5). 

Fr =
U0
̅̅̅̅̅̅̅̅
gDp

√ (1)  

Ref =
U0Dp

ν (2)  
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nLmDp

ν (3)  
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(

2N
(
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Dh

Dp

))− 1

(4)  
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U0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

gd50

(
ρs
ρw
− 1

)√ (5)  

3. Experimental setup 

3.1. Physical model 

Experiments with a twin propeller model over a mobile sand bed 
were conducted in the Marine Engineering Laboratory at the UPC- 
Barcelona Tech University, in a medium-scale water tank named LaB-
assa. Each propeller is connected to a triphasic motor (1.5 kW, 50Hz) 
through a transmission chain. At the same time, each individual motor is 
connected to a variable-frequency drive that is controlled from the 
laboratory computer, allowing to set the desired propeller speed of 
rotation. Detailed information and a 3D sketch of the tank characteris-
tics are found in Mujal-Colilles et al. (2017) and Mujal-Colilles et al. 
(2018). In the present experiments, the twin propeller model was 

Table 1 
Summary of non-dimensional parameters.  

Fr Ref (x105) Rep (x105) Lm (m) F0,d 

1.02–1.36 4–5.3 1.02–1.36 0.08 23–32  
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located in a position close enough to the vertical quay wall, in advance 
Front Wall (FW), to ensure a confined flow condition, aiming at studying 
the effects of a confined twin propeller jet over the sand bed near a 
vertical boundary. 

The sketch in Fig. 1 shows the dimensions of the basin, the sand bed 
and the measuring area, including the different test conditions (distance 
from the FW, or wall clearance (Xw), and distance from the propeller axis 
to the sand bed, or bed clearance (Ch)). The dashed lines show a char-
acteristic ship according to the geometric scale used in these experi-
ments (λ = 1/25) if the main twin propellers system is scaled. 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. 

In the present experiments, scour due to both forward (FWD) and 
backward (BWD) rotation of the twin propeller 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 consec-
utive runs of forward rotation, while B&F experiments combine alter-
natively forward and backward rotation. The experiments are explained 
in detail in subsection 3.2 of the present article. 

The main characteristics of the twin propeller model and the sedi-
ment used in the present experiments are summarized in Table 1. 

3.2. Set of experiments 

The efflux velocity (U0) is one of the most important parameters to 
account for in order to characterize the propeller jet (Hamill et al., 
2004), and it is thus an important value to consider in the study of its 
induced scour. However, there is still no agreement in the scientific 
community to properly define this parameter. For the purpose of pro-
peller induced scour studies, one can safely consider the U0 as the 
maximum velocity taken from the time-averaged measurements of the 
propeller axial induced velocities along the contraction plane of the jet 
(Ryan, 2002). To analytically obtain this magnitude, several equations, 
grouped under a clear review in Lam et al. (2011), have been proposed 
in the past years by different authors. To avoid uncertainty due to the 
efflux velocity calculation in the present work, a set of measurements on 
the axial velocity distribution close to the propeller (at X = 0.5Dp) at two 
different speeds of rotation (250 rpm and 300 rpm) were performed 
previous to the local scour experiments. The measurements were made 

across a point-by-point grid using a pitot-static probe coupled to a dif-
ferential pressure sensor (Omega Engineering ™) with a sampling rate of 
100Hz. The time-averaged velocity distribution close to the propeller 
plane was used to obtain a value of U0 for each speed of rotation. The 
obtained U0 permitted to obtain an experimental coefficient of thrust 
(KT = 0.65 ± 0.02) with the commonly used expression (Eq. (6)) derived 
from the momentum theory. The thrust coefficient is assumed constant 
in the range of speeds of rotation in the present work. This statement has 
been proven several times in literature (Lam et al., 2012; van Velzen 
et al., 2016), therefore the U0 is assumed linearly dependent on the 
speed of rotation in the experiments presented here. 

U0 = 1.59nDp
̅̅̅̅̅̅
KT

√
(6) 

To study the scouring effects of the twin propellers nearby a vertical 
wall, a set of 24 experiments in confined scour is presented, as sum-
marized in Table 2. The total time for each experiment was set to 30 min 
(1800s), with bed scanning every 5 min to observe the evolution of the 
mobile sand bed. Some experiments were extended up to 60 min (3600s) 
to observe the further evolution of the scour profiles in different sce-
narios. To allow the bed scanning, the propellers were stopped and 
started at each time interval. According to Hamill (1987) and Hong et al. 
(2013), the effect on the overall scour due to switching the propeller on 
and off can be neglected. Moreover, it is considered that this is a com-
parable behaviour to real manoeuvres, where the vessels depart and 
arrive in time intervals of hours. 

The scanning was performed by 2 @ULTRALAB UWS1M Echo 
Sounders with accuracy of 1%. The echosounders were mounted on a 
moving bridge over the sediment bed. A total of 38 longitudinal profiles 
separated by 7.5 cm were obtained at 40Hz sampling rate, containing 
the bed elevation. Measurements of longitudinal and transverse distance 

Fig. 1. Sketch of the concrete basin LaBassa and experimental setup. All distances are scaled to the reference scale in the XY plain view except the zoom-in of the 
longitudinal cut. 

Table 2 
Propeller model and sediment characteristics.  

Propeller diameter (Dp) 0.25 m 
Distance between propeller axes (ap) 0.5 m 
Propeller pitch ratio (p’) 1.0 
Blade Area Ratio (β) 0.75 
Sediment diameter (d50) 250 μm 
Sediment diameter (d90) 375 μm  
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from the moving bridge to a reference point were obtained simulta-
neously with two photoelectric sensors (Efector200-O1D100). These 
measurements allowed to locate every single measure of the 
echosounder and generate a 3D surface of the measuring area. The 
surface was interpolated to the scattered data in the input vectors by 
surface linear fitting, over a grid with longitudinal and transverse res-
olution of 1 cm. 

The regime column in Table 3 states for the Forward (FWD) or 
Back&Forth (B&F) rotation, as mentioned in sub-section 3.1. In FWD 
regime, the propellers counterrotate (inward rotation) and the induced 
flow is directed towards the FW during the total duration of the exper-
iment. In B&F regime, the propellers rotation changes intermittently 
every 5 min -following the Froude similarity scaling of each manoeuvre 
at prototype-from backward (BWD) to forward (FWD) rotation and the 
induced flow is directed first towards the unconfined part of the tank 
(BWD rotation), where the propeller supporting structure is located, and 
after to the front wall (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 set-up is closer to the reality of a ship near 
the wall, which berths and unberths by combining backward and for-
ward propeller rotation (Guarnieri et al., 2021; Llull et al., 2020; Wei 
et al., 2020). 

4. 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 sub-section for the case of a 
confined twin propeller system, to show the more important charac-
teristics of the scour hole with special attention to the maximum depth. 
Particularly, the twin propeller confined scour process is described with 
contour 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., 2017). 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 
expands 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 action 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 described process can be observed at 
10 min time intervals in the contour plots showed in Fig. 2a–b. In these 
cases, the mid speed of rotation scenario (350 rpm) is chosen as the most 
representative of all the experiments. The contour plots corresponding 
to the whole set of experiments, at 5 min time intervals, are included in 
the supplementary material of this article (Figs. S1–S8). 

One of the most relevant features of all the experiments performed is 
that Cmin

h cases induce a deeper HBH hole than Cmax
h ones, while 

contrarily, the latter yields a deeper scour hole near the front wall. The 
same phaenomena 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 
structure, 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 Fig. 2a–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 analysed in detail in subsection 4.1. 

As previously explained, B&F scenarios (Fig. 3a–b) aim to be more 
realistic in terms of reproducing arrival and departure ship manoeuvres, 
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 HBHBWD 
hole. The structure nearby the propellers, simulating the ship hull, de-
flects the jet flow and causes the scour hole to be closer in this regime 
than the hole at the harbour basin area due to forward rotation, in 
advance HBHFWD hole. The behaviour of the backward flow is obviously 
not comparable to a free developing jet, and neither is the scour hole 

Table 3 
Summary of the experiments performed in LaBassa basin. Grey shadowed rows correspond 
to experiments extended up to 60 min (3600 s). 
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created. The HBHBWD hole, although of considerable depth in some of 
the experiments (∼ 1.5Dp), does never reach 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. Since 
the present work focuses on the near-quay holes that may affect the 

structure stability, the HBHBWD holes are not analysed in detail in the 
rest of the article. 

The HBA area downstream of the propeller plane, where the HBHFWD 
hole is located, is not highly eroded in the B&F experiments. A different 
behaviour is observed in the downstream holes, compared to the FWD 

Fig. 2. 2D contours of the plain view. a) Exp #20: Cmin
h , Xmax

w , FWD regime, 350 rpm; b) Exp #17: Cmax
h , Xmin

w , FWD regime, 350 rpm. The vertical black solid line 
shows the propellers plane position (Xmax

w = 10Dp, Xmin
w = 7Dp). 

Fig. 3. 2D contours of the plain view. a) Exp #8: Cmin
h , Xmax

w , B&F, 350 rpm; b) Exp #5: Cmax
h , Xmin

w , B&F, 350 rpm. The vertical black solid line shows the propellers 
plane position (Xmax

w = 10Dp, Xmin
w = 7Dp). 
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experiments. The suction of the propellers when rotating backward and 
the accretion area in the surroundings of the HBHBWD hole may be of 
importance, contributing to an erosion-refilling process that keeps the 
morphology in the HBHFWD less affected in comparison with its analogue 
(HBH hole) in FWD experiments. In Figs. S7b–c of the supplementary 
material, for instance, it is observed that the HBHFWD 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. 

4.1. Maximum depth profile 

The evolution of the maximum depth profile is key to obtain the 
position of the maximum expected depth, as it is a geometric charac-
teristic of the entire scouring hole, together with its maximum length 
and maximum width (Penna et al., 2019). In the present article, due to 
the distance between the twin propellers (ap), a single scour hole is 
observed in the mobile bed evolution, as seen above (Figs. 2 and 3) and, 
thus, a single profile is used as the maximum depth profile. The 
centre-line profile, located between the twin propeller axes, is consid-
ered to be the longitudinal axis from which the scour hole expands 
symmetrically. Fig. 4a–b shows the transversal profiles at the location of 
the maximum depth of every scour hole. Both FWD and B&F experi-
ments are considered. The maximum depth at every X position along the 
whole measurement grid, with ΔX = 0.01m, is compared with its cor-
responding centre-line depth measured at the same X coordinate (for 
depths higher than 0.1m). The agreement, in Fig. 4c indicates that a 
negligible error is committed if the maximum depth profile is assumed to 
be in the centre-line. Thus, the following analysis of maximum scour 
depth in this article is focused on the centre-line profile. 

The centre-line profiles evolve differently depending on the experi-
mental conditions. 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. Fig. 5a1-a4 show that this maximum is 
found in some of the experiments, although not in all of them, due to the 
merging of the two holes. 

Since differences in the shape of the different profiles depend not 
only on the experiment, but also on the time, central profiles are cat-
egorised as follows: no-merged, transition to merge and merged profiles. In 
no-merged profiles, the FWA and HBA area are clearly observable by 
distinguishing the two holes, see Fig. 5a4. In merged profiles, a single 
hole is observed between the front wall and the propeller plane as seen 
in Fig. 5a1 from t = 15min. Transition to merge profiles are included to 
define the cases where two holes are still distinguishable, but with a very 
eroded downstream boundary in the HBH hole, becoming very asym-
metric on its XZ plane (Fig. 5a1 from t = 5min to t = 10min). 

Fig. 5a clearly shows that, in FWD experiments, Xmin
w scenarios (sub- 

figures a1 and a3) tend to yield a merged profile, while Xmax
w experiments 

(sub-figures a2 and a4) preserve the initial two-hole shape. The FWH 
maximum depth grows linearly in all the cases, showing no tendency to 
the equilibrium except in case of Xmin

w , Cmax
h (Fig. 5b1), once the profile is 

merged. In case of no-merged profiles, the HBH grows rapidly at the first 5 
min interval, showing a decay in the growing rate after that up to a 
maximum depth of ~1Dp, in case of Cmin

h (sub-figures b3 and b4). This 

Fig. 4. Figures a) Cmin
h , Xmax

w and b) Cmax
h , Xmin

w show the transversal profiles at 
the three scour holes locations in FWD experiments (solid line) and B&F ex-
periments (dashed line) for a speed of rotation n = 350 rpm. Figure c) shows the 
agreement between the maximum depth and depth at the centre-line at the 
same X position along the whole measurement grid, for all the experiments and 
time intervals. 

Fig. 5. Experiments at 400 rpm (FWD regime). Evolution of maximum depth 
profiles: a1) Cmax

h , Xmin
w , a2) Cmax

h , Xmax
w , a3) Cmin

h , Xmin
w , a4) Cmin

h , Xmax
w . Maximum 

depth time-series: b1) Xmin
w at FWH, b2) Xmax

w at FWH, b3) Xmin
w at HBH and 

b4) Xmax
w at HBH. In the maximum depth profile plots, the vertical line indicates 

the position of the propellers plane (7Dp and 10Dp from the front wall). In the 
time-series, the dashed line corresponds to the time intervals in which a merged 
profile is observed. 
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depth remains in equilibrium until the profile becomes merged (Fig. 5b3 
between t = 25 min and t = 30 min) or until the end of the experiment 
(Fig. 5b4). 

B&F experiments are categorised into no-merged and merged profiles 
according to the same criteria explained for FWD experiments. In these 
experiments, the main HBH hole appears due to the backwards rotation 
(HBHBWD hole), while the HBHFWD and FWH holes are the ones that may 
merge or keep the two-hole shape. In Fig. 6, merged profiles are 
observable in the Cmax

h , Xmin
w cases (sub-figure a1), while the no-merged 

are observable in the Cmin
h , Xmax

w cases (sub-figure a4)). The time-series of 
the experiments in Fig. 6 show an intermittent growing every 5 min 
corresponding to the BWD-FWD regime iteration. No significant differ-
ences are observed with the change in the seabed clearance in this set of 
experiments, mostly for Xmax

w scenarios, in which the curves increase 
simultaneously up to t = 30 min. 

In case of mid or low speed of rotation (350 rpm and 300 rpm), the 
behaviour observed in the scour profiles does not change substantially. 
In general, the scour depth is reduced and the merging, if exists, is 
delayed with the lower speed of rotation. The longitudinal profiles and 
the scour depth evolution in case of mid and low speed of rotation 
scenarios are shown in the supplementary material of this article (from 
Fig. S9 to Fig. S12). 

The time-series at FWH hole are plotted together in Fig. 7, including 
the long-series mentioned in Table 2. In Fig. 7, the reference time of B&F 
series is modified to fit the forward rotation time for the sake of good 
comparability with FWD scenarios. B&F series arriving to t = 30min 
(1800s) in Fig. 7 correspond to long series, i.e., experiments of 60 min 
run iterating backward and forward rotation, as summarized in Table 2. 

Also, the time series of 400 rpm Xmin
w (Fig. 7a) run to 60 min (3600s). In 

all cases, Cmin
h experiments (red lines) in B&F regime (solid lines) yielded 

higher scour depths near the front wall than their corresponding FWD 
experiment, while in Cmax

h cases, FWD and B&F results show a similar 
evolution. Moreover, the differences in the scour depth evolution be-
tween the Cmin

h and Cmax
h scenarios are remarkable in case of FWD ex-

periments, mostly at Xmin
w . In case of B&F experiments, the evolution of 

the scour depth is similar for both bed clearance scenarios. 
Interestingly, the time-series of Cmin

h Xmin
w FWD (Fig. 7a) show a ten-

dency to the stabilization from t = 1800s, when the profile become 
merged (see Fig. 5a). The same pattern is observed in Cmin

h , Xmin
w (B&F) 

and Cmax
h , Xmin

w (FWD) (Fig. 7a) from t = 900s (15 min of forward rota-
tion). In Wei (2018) this behaviour is known as the stabilization phase of 
the scour profile, previous to the equilibrium stage. 

In Hong et al. (2013), temporal similarity of the maximum scour 
depth profiles is found in the case of unconfined scour holes. In the 
present experiments, similarity of the FWH hole is observed in all the 
FWD and B&F experiments, if analysed separately according to the 
merged/no-merged condition of each one. Only the profiles obtained at t 
> 15 min of experimental time are considered to avoid higher scatter of 
the data at the initial stages of the developing scour holes. The length of 
the FWH hole (lFWH) is taken as the distance between the front wall and 
the first local maximum in the central scour profile, as shown previously 
in this sub-section (Fig. 5a1-a4 and Fig. 6a1-a4). Non-dimensional FWH 
profiles in Fig. 8 are obtained when lFWH is used as the maximum length, 
together with the measured maximum depth (dFWH) in this range. 
Therefore, the non-dimensional coordinates (x̂ and ŷ) are obtained as 
x̂ = x/lFWH and ŷ = y/dFWH. As shown in Fig. 8a,c, all the 
non-dimensional profiles generally collapse for any time and experi-
ment. This is particularly true in case of no-merged profiles. A polynomial 
fitting function is applied to the non-dimensional profiles, yielding the 
best fit to minimize RMSE. Fig. 8b,d shows that no-merged profiles are 
fitted by a 3rd degree polynomial function, while merged profiles are 
fitted by a 5th degree one. Transition profiles are not included in these 
results, since they cannot become an equilibrium profile due to their 
transitory nature. 

The variability on the position of the maximum depth due to the 
change in U0, Xw, Ch and t, is analysed by finding the maximum depth at 
HBA and FWA areas in every single profile. In Fig. 9, the positions of the 
maximum depth over the whole grid are observed, grouped by its cor-
responding experimental conditions (Fig. 9a) and clustered by hole type 
(Fig. 9b). 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 repre-
sentative position of the maximum depth location of every characteristic 
scour hole. Within every cluster a unique value of Xw is present, clearly 
meaning that nor Ch, U0 and time are relevant in the location of the scour 
hole. Interestingly, the distance to the maximum depth position of the 
HBHFWD hole barely changes, although the wall clearance changes 

Fig. 6. Experiments at 400 rpm (B&F regime). Evolution of maximum depth 
profiles: a1) Cmax

h , Xmin
w , a2) Cmax

h , Xmax
w , a3) Cmin

h , Xmin
w , a4) Cmin

h , Xmax
w . Maximum 

depth time-series: b1) Xmin
w at FWH, b2) Xmax

w at FWH. In the maximum depth 
profile plots, the vertical line indicates the position of the propellers plane (7Dp 
and 10Dp from the front wall). In the time-series, the dashed line corresponds to 
the time intervals in which a merged profile is observed. 

Fig. 7. Time-series of a) 400 rpm, Xmin
w , b) 400 rpm, Xmax

w The reference time in 
the figure is adjusted to fit the forward rotation time. 
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considerably. 

4.2. Validation of literature equations 

This section aims to validate the existing equations published so far 
by comparing them with the results obtained in the presented experi-
ments. The obtained experimental results show the evolution of the 
scour depth near the vertical wall with time. Since the equilibrium 
condition is not found in all cases, the expressions in literature focused 
on the calculation 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 applied. Cui et al. (2020a) proposed 
an empirical model for inwards rotating twin propellers in confined 
scenarios, following the previous study of unconfined twin 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. (2020a) 
proposed Eq. (14) to simply obtain the maximum scour due to a confined 
twin propeller jet, from Eq. (11–13) in Cui et al. (2019), focused on the 

time evolution of the maximum scour depth in case of unconfined twin 
propeller induced erosion. When applying the proposed equations, the 
efflux velocity (U0) values are obtained according to Eq. (6), as 
explained in sub-section 3.2. 

Sunconf . =Ω[ln(t)]Γ (11)  

Ω= 0.2526
(
ap
d50

)− 0.859( C
d50

)− 4.63(Dp

d50

)3.58

F4.535
0,d (12)  

Γ= 1.389
(
ap
d50

)0.1571( C
d50

)0.742(Dp

d50

)− 0.522

F− 0.682
0,d (13)  

Sconf .
Sunconf .

= 3.5
(
Xw

Dp

)− 0.4

(14) 

In this case, the experimental values obtained at t = 30 min, as in Cui 
et al. (2019), are used. Only FWD experiments are included for the sake 
of good comparison. Although in Cui et al. (2020a), only experiments 
with the lower bed clearance are performed (0.5Dp from the propeller 
tip, i.e. Cmin

h scenarios in the present article), Cui et al. (2019) included a 
more extensive range of seabed clearance distances, considering 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. 10, the predicted scour depth values yielded by Eq. (11–14) 
are plotted against the measured scour depths near the front wall. Sig-
nificant disagreements are found between the experimental results and 
the proposed models. The results are coloured by Xw and Ch, showing 
that the proposed model clusters the data according to the clearance 
distance, since this variable is not included in the model. Moreover, the 
results of the present study do not fit the model neither in case of Cmin

h 
nor Cmax

h . 

4.3. Temporal model of maximum scour depth at FW 

Since the existing models do not fit the results obtained in the lab-
oratory, 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
(
U0, Xw, Ch, d50, g, ρw, ρs, t, μ, ap,Dp

)
(15) 

In the present set of data, important parameters clearly conditioning 
the scour process (d50, ap, Dp) are unique due to experimental limita-
tions. The other important parameters involved in the propeller induced 
scour (U0, Xw, Ch) cover a realistic range of values in cases of RO-RO 
ships manoeuvring in shallow waters, i.e. with low UKC, since they 
are scaled from the study case vessel type as explained in section 2. 

Using the Buckingham π theorem, if constant parameters and vis-
cosity are not considered and ρs, Xw, and U0, are used as fundamental 
variables, the following non-dimensional parameters are obtained: 

Fig. 8. Non-dimensional profiles categorised as no-merged (a,b) and merged (c, 
d). Transition profiles are not included due to their transitory nature, since they 
will eventually become merged. The obtained non-dimensional profiles are 
shown in (a,c), while the fitted polynomial function is shown in (b,d) over a 
grey shadowed area showing the profiles scattering. 

Fig. 9. Position of the maximum depth in the FWA and HBA areas. All the 
experiments are included. Positions coloured by experimental conditions are 
shown in sub-figure a). The clustering defining the three different types of scour 
hole is shown in sub-figure b), along with the distance to the cluster centroid. 
Vertical dashed lines show the position of the propeller plane. Horizontal solid 
lines in a) show the measurement grid boundaries over the Y axis. 

Fig. 10. Comparison between literature equations and experimental results at t 
= 30min. 
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π1 =
S
Xw

;

π2 =
Ch

Xw
;

π3 =
U0
̅̅̅̅̅̅̅̅
gXw

√ ;

π4 =
t

(
Xw
U0

);

π1 = f2(π2, π3, π4) (16) 

The confinement situation is considered to be the most important 
characteristic of the scour near quay walls, and consequently the wall 
clearance (Xw) is chosen as fundamental parameter. Thus, π3, 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 (F0,wall). The F0,wall increases linearly 
with the efflux velocity and decreases with the square root of the dis-
tance 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 (Xw/U0). An opti-
mization of the general non-linear model in Eq. (17) is performed to get 
the best coefficient of determination, and different constants and powers 
[k1, a, b, c] are proposed to obtain the best fit. 

π1 = k1πa
2πb

3[ln(π4)]
c (17) 

Fig. 11 shows the linear agreement between the predicted and 
measured scour depth to the wall clearance (π1) in case of FWD exper-
iments (sub-figure a) and B&F experiments (sub-figure 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 π1 ≈ 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 the sup-
plementary material of this article (Fig. S13). In case of FWD experi-
ment, 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. (18) and Eq. (19) show the non-linear models for each 
one of them, that yielded coefficients of determination R2 = 0.971 and 
R2 = 0.952 respectively. For FWD experiments, the temporal dependent 
scour depth increases with the F0,wall to the power of 2, being this 
parameter much more influent than the bed clearance (Ch). In case of 
B&F experiments, the bed clearance does not even appear in the equa-
tion, thus the scour depth depends on F0,wall 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
Xw

= 2.539⋅10− 4
(
Ch

Xw

)1
2
(

U0
̅̅̅̅̅̅̅̅
gXw

√

)2[

ln
(
tU0

Xw

)]4.425

(18)  

S
Xw

= 2.531⋅10− 3
(

U0
̅̅̅̅̅̅̅̅
gXw

√

)2.67[

ln
(
tU0

Xw

)]3.19

(19) 

At any time, both for FWD and B&F scenarios, a linear agreement is 
found between F0,wall and π1, yielding a coincident threshold value of F0, 

wall above which erosion 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 F0wall<0.25. Fig. 12 shows the 
scour depth values at FW, relative to the wall clearance, and their linear 
relation with the wall Froude number at every case. 

5. Discussion 

In the present article, the scouring action produced by twin pro-
pellers nearby quay walls is studied through a set of laboratory experi-
ments 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 damage 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 profile of any scour hole. Most of the 
laboratory experiments in propeller scour are thus focused on finding 
the equilibrium profile and characterising the maximum scour depth as 
a function of the experimental setup. However, experiments at labora-
tory are limited and it is time-consuming to account for all the param-
eters involved in the scour phaenomena, 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 work. 

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 located either near the FW, down-
stream the propellers in the HB or upstream the propellers below the 
ship hull, as detailed in sub-section 4.1. Although it is not expected to 

Fig. 11. Agreement between models and measured data: a) FWD experiments, 
b) B&F experiments. Dashed lines show the 95% prediction interval of the 
fitted model. 

Fig. 12. Linear relation between F0,wall and π1 for a) B&F and b) FWD 
experiments. 
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find such clearly distinguishable areas in-situ due to the ship movement, 
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 
Castells et al. (2017) and Mujal-Colilles et al. (2017), for instance, the 
scour holes near the quay walls and far from them, at the harbour basin, 
are observable and analysed through the bathymetric studies performed 
by the port authorities during several years. The merging of the FWH 
and HBH hole must be also considered, since it is pretty clear that short 
distances to the front wall have a great influence on the development of 
a bigger scour hole, both in terms of area and depth. 

Section 4.3 shows that the more harmful scenarios correspond to the 
lower wall clearances, regardless of the change in flow velocities. The 
affected area is not analysed in detail in this article, although it is a 
variable of interest and must be studied in future works. In Roubos et al. 
(2014), the authors point out that the effects of the twin jets, compared 
to the effects of a single jet, are related to a larger scour area, although 
not necessarily a deeper hole. It is considered that mainly the ap/Dp and 
the Xw/Dp ratios play an important role in the widening and deepening 
of the scour hole, and thus both terms must be considered in confined 
twin propeller induced scour studies. For a unique distance to the quay 
wall, a higher ap/Dp 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 propeller axes is not included as a variable, and the 
results obtained must be considered in case the ap/Dp is coincident or 
similar to the one in this work. 

The effects of the seabed clearance have been analysed in this article, 
showing 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 
(the farther the propeller 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 experi-
ments, both being in the range of the low UKC. Therefore, the obtained 
relation between Ch and S must be expected in low bed clearance situ-
ations. 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 appli-
cability 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 Xw, Ch or time. In all the scenarios, at any time, the maximum depth at 
HBH hole (or HBHFWD hole in case of B&F experiments) is located at 
~3.5Dp from the propeller plane. These results are in good agreement 
with Cui et al. (2020a) for their experiments at Xw=7Dp, although it is 
not explicitly analysed in their article. The lack of change with the 
increasing Xw 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) analysed 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 Xw=4Dp. No effects are expected at further distance. 
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 2Dp, 
an increase of the expansion 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 
yielding a similar location of the maximum scour depth. 

As previously explained, the non-dimensional parameter π1 is line-
arly dependent on the F0,wall at each experimental time, yielding a 
threshold value below which scour is not found. This threshold is found 
at F0,wall ≈ 0.25. In the same line, Cui et al. (2020a) reported no scour 
near the quay wall in the test experiments at Xw=9Dp, although with 
wall clearance of Xw=7Dp scour was visible. Therefore, considering a 
no-scour threshold at Xw=7Dp in their experiments, performed over a 

sandy bed of d50=0.2 mm and with a twin-propeller of Dp = 55 mm 
rotating at 500 rpm, the obtained wall Froude number is F0,w ≈ 0.24. 
This result is slightly below the threshold obtained in this article, 
probably due to the slightly lesser sediment diameter used by Cui et al. 
(2020a) in comparison with the present study. This difference points to a 
partial agreement and to the need to consider different sediment di-
ameters 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 experimental limitations, the 
sediment size is kept constant in this work. Therefore, this model shall be 
tested over different seabed compositions to study their performance in 
other scenarios. However, the range of densimetric Froude number (F0,d) 
covered by the present experiments (20 < F0,d < 30) is closer to the real 
situations than most of the works found in literature, as stated in section 
2, which make the results obtained more realistic to the analysis of the 
local scour phaenomena. In addition, both Dp and ap are constant in the 
present set of experiments. These are considered highly relevant pa-
rameters conditioning the scour process due to twin-propeller jets and 
must be included in future work. Even with these limitations, 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 combination 
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 400 rpm Xmin

w , and the 350 rpm 
Xmin

w , meaning that a significant change in the flow velocity is not of 
importance if the wall clearance is not increased. The same behaviour 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. In both FWD 
and B&F scenarios, the transition area location points to a relation be-
tween 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 Fig. 5, an interesting behaviour is observed regarding to the 
merging condition in Cmin

h cases. The HBH hole is quickly developed, 
reaching the approximate depth of 1Dp after 5 min run both for Xmin

w and 
Xmax

w scenarios. At Xmin
w , no growing is observed until t = 25 min, being 

the observed behaviour assimilable to the equilibrium profile. During all 
this time, the depth at HBH hole is not growing further, but the down-
stream boundary of the HBH hole is being eroded until it reaches the 
same maximum depth: ~1Dp. The two-holes profile is therefore merged. 
At this point, the clear linearly growing trend that the FWH hole fol-
lowed so far roughly decays and the whole merged profile tend to the 
stabilization, as seen in the long series Fig. 7. At, Xmax

w the same 
behaviour is expected. The maximum HBH hole depth, thus, cannot go 
further ~1Dp, as it was the case in the experiments performed by 
Mujal-Colilles et al. (2016) at LaBassa, comparing confined and un-
confined scenarios with a similar twin-propeller model. 

6. Conclusions 

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, aim-
ing to analyse the influence of important parameters such as the bed 
clearance (Ch), the wall clearance (Xw) and the efflux velocity of the 
propeller (U0) in the scour depth. 
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Two different regimes of propeller rotation are analysed in this work: 
FWD and B&F rotation. B&F rotation aims to analyse the scour evolution 
by iterating between backward and forward rotation, a behaviour that is 
found in real ships when iterating berthing and unberthing manoeuvres. 
Differences are observed between the results 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, but with 
no differences due to the bed clearance. FWD experiments allowed 
comparison with most of the empirical relations found in literature. 

Two empirical models are proposed in this paper to obtain the time 
dependent scour depth due to twin propellers in confined condition. 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 F0,wall. 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 F0,wall≈0.25 below which erosion is not found. New studies will 
help to obtain a clear threshold, probably including the sediment size as 
an independent variable. 

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 main-
tains a two-hole morphology. 
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Notation 

BWD Backward; 
B&F Back&Forth 
FW Front Wall 
FWA Front Wall Area 
FWD Forward; 
FWH Front Wall hole 
HB Harbour Basin 
HBA Harbour Basin Area 
HBH Harbour Basin hole in FWD experiments 
HBHBWD Harbour Basin hole upstream the propeller plane in B&F experiments 
HBHFWD Harbour Basin hole downstream the propeller plane in B&F experiments 
N Number of propeller blades 
UKC Under Keel Clearance 
ap Distance between propeller axes (m) 
Ch Bed clearance (bed to propeller axis) (m) 
Dp Propeller diameter (m) 
dFWF Maximum depth of the Front Wall hole (FWH) (m) 
d50 Sediment size (m) 
d90 Sediment size (m) 
g Gravitational acceleration (ms− 2) 
Fr Froude number (− ) 
F0,d Densimetric Froude number (− ) 
F0,wall Wall Froude number (− ) 
KT Thrust Coefficient (− ) 
Lm Characteristic distance of the propeller (m) 
lFWH Length of the Front Wall hole (FWH) (m) 
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p’ Propeller pitch ratio (− ) 
Ref Reynolds number of the flow (− ) 
Rep Reynolds number of the propeller (− ) 
S Scour depth (m) 
t Time (s) 
U0 Efflux velocity (ms− 1) 
Xw Wall clearance (m) 
x̂ Non-dimensional axial distance (− ) 
ŷ Non-dimensional transverse distance (− ) 
β Propeller Blade Area Ratio (− ) 
μ Dynamic viscosity (Nsm− 2) 
ρs Sediment density (kgm− 3) 
ρw Water density (kgm− 3) 
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