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ABSTRACT

PROPELLER JET INDUCED EROSION AROUND PILE
SUPPORTED BERTH STRUCTURES

Remziye Ilayda TAN

Department of Civil Engineering
PhD Thesis

Adviser: Prof. Dr. Yal¢in YUKSEL

This thesis presents an improvement for the assessment of scour effects owing to
propeller jet velocities with a direct application to prototype modeling by conducting a
non-dimensional analysis. This study provides insights on the scouring problems owing
to a propeller jet. In order to overcome the limitations found in the literature, expanded
densimetric Froude numbers (1.95 < Frq < 15.01) were used. Experimental tests were
developed for this purpose and formulae recommendations are provided to enhance the
estimation of different relevant parameters of the scour process. In addition, the
experimental conditions were extended, by ranging sand beds from finer to coarser that
were dso = 0.52 mm, 1.28 mm, 4.00 mm and 8.30 mm, and the Frq were compared with
the ones stated in the previous studies. Hence, this study has proposed new formulae to
predict the scouring owing to propeller jet flows. Scaling of the experimental model
have been explained and the experimental conditions have been given. An acoustic
Doppler velocimeter (ADV) was used to obtain the propeller velocity. In order to
calculate the magnitude of efflux velocity a new equation is proposed, considering the
propeller geometry and characteristics. Thus, it has been aimed to improve the level of
knowledge that already exists in the literature. In addition, the scour induced by a
propeller jet around a single pile was examined experimentally. The initiation of scour
formation was found to be related to the densimetric Froude number (Frg), propeller
diameter (Dp), and the gap of the propeller (G), which is defined as the vertical distance
between the centerline of the propeller and the undisturbed sand bed. Three types of
scour profiles were defined that can be classified according to a) the scour depth at the
upstream toe of the pile (So), and b) the scour at the downstream section of the pile (Sq).
Scour profiles were found to be highly dependent on the densimetric Froude number
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(Frg) and pile diameter (do). Scour profiles and scour depths at the toe of the pile (So)
were investigated at different distances between pile locations and propeller face (X),
pile diameter, sediment bed material size, propeller diameter, speed, and gap. New
empirical equations were proposed for the estimation of the scour depth at the toe of the
pile. The locations of the pile (X) were also investigated to assess whether the
predominant scouring mechanism was the propeller jet or the pile mechanism.
Furthermore, scour formations around the two - pile tandem arrangements with different
pile diameters (do=4 cm and 9 cm) and sediment beds (dso = 0.52 mm, 1.28 mm), and
the application of rock protection around a pile case at at a constant propeller diameter,
speed and gap were investigated.

Key Words: Scour, Propeller Jet, Berth Structures, Propeller Wash, Water Jet, Pile

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
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OZET

PERVANE JETI ETKIiSINDE KAZIK DESTEKLi YANASMA
YAPILARI ETRAFINDA MEYDANA GELEN OYULMA

Remziye ilayda TAN

Insaat Miihendisligi Anabilim Dali
Doktora Tezi

Tez Danismani: Prof. Dr. Yal¢in YUKSEL

Bu tez kapsaminda secilen prototip icin yanasma yapilarina yanasan ve ayrilan
gemilerin pervanelerinden ¢ikan jet akimlardan dolayr olusan oyulma miktarlart
deneysel olarak incelenmistir. Bu calismada ge¢miste yapilan literatiir ¢alismalarinda
verilen Froude yogunluk sayis1 araligi (1.95 < Frg < 15.01) genisletilerek kullanilmistir.
Bu amagla daha 6nce yapilan deneysel ¢alismalar gelistirilmis ve oyulma siirecinde
etkin olan ilgili parametreler ile ilgili bagintilar Onerilmistir. Daha Once yapilan
calismalar kapsaminda yer alan esaslar da dikkate alinarak, bu ¢alismada deney taban
malzemesi ortalama tane ¢ap1 (dso = 0.52 mm, 1.28 mm, 4.00 mm and 8.30 mm) ve
Froude yogunluk sayis1 (Frq) araliklar1 genisletilmistir. Boylece, pervane jeti etkisinde
tabanda beklenen oyulma miktarlarin1 tahmin edebilmek {izere yeni denklemler
onerilmistir. Deneyde kullanilan modele ait boyut analizi ve deney kosullar
ayritilariyla belirtilmistir. Ayrica Akustik Doppler hiz 6lger (ADV) cihazi ile pervane
jetinin meydana getirdigi hiz dagilimlar1 ve biiylikliigli belirlenmistir. Pervanenin ¢ikis
hizin1 hesaplayabilmek amaciyla secilen pervane geometriSi ve Ozelliklerine bagh
olarak yeni bir denklem Onerilmistir. Ayrica pervane jetinin yap1 (tekil kazik) etrafinda
meydana getirdigi oyulma miktarlar1 ve oyulma g¢ukuru boyutlari deneysel olarak
incelenmistir. Yap1 etrafinda meydana gelen oyulmanin Froude yogunluk sayisi (Frqg),
pervane ¢ap1 (Dp) ve pervane agikligina (pervane ekseni ile taban arasindaki diisey
mesafeye, (G)) bagh olarak degistigi bulunmustur. Ug farkli oyulma profili a) kazigin
membasinda meydana gelen (So) b) kazigin mansabinda meydana gelen oyulma (Sq)
miktarlar1 dikkate alinarak siniflandirilmistir. Oyulma profillerinin Froude yogunluk
sayist (Frq) ve kazik capma bagl olarak degistigi goriilmiistiir. Oyulma profilleri ve
kazik etrafinda meydana gelen oyulma miktarlart (So) kazigin pervaneden farkl
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uzakliktaki konumu (X), kazik ¢api, taban malzeme biiyiikliikleri, pervane ¢api, hizi ve
aciklig1 agisindan incelenmistir. Kazik topugunda meydana gelen oyulma derinligini
tahmin edebilmek i¢in yeni ampirik denklemler dnerilmistir. Kazigin degisen konumlari
(X) i¢in oyulmay1 kontrol eden mekanizmanin pervane jeti veya kazik mekanizmasi
tarafindan gerceklestirildigi incelenmistir. Ayrica dsp=0.52 mm ve 1.28 mm’lik taban
malzemesi tizerinde do= 4 cm ve 9 cm’lik kaziklar kullanilarak arka arkaya iki kazigin
yerlestirildigi durum ve tekil kazik etrafinda tas koruma uygulandigi durum igin tabanda
meydana gelen oyulma, pervanenin belirlenen sabit hizi, ¢ap1 ve agikligi agisindan
incelenmistir.

Anahtar Kelimeler: Oyulma, Pervane Jeti, Yanasma Yapisi, Su Jeti, Kazik

YILDIZ TEKNiIK UNIVERSITESI FEN BILIMLERI ENSTITUSU
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CHAPTER 1

INTRODUCTION

Propeller induced scour problems have been investigated by researchers such as
Blaauw and Van de Kaa [1], Chiew and Lim [2], Hamill and Hughes [3], Lam et al. [4]
etc. However, studies on the scour mechanism owing to three-dimensional propeller jet
around a vertical pile still limited. This chapter provides an overview of previous

researches.

1.1 Literature Review

Chiew and Lim [2] investigated the scour hole induced by a deeply submerged circular
wall jet and an offset jet both in air and water with uniform noncohesive sediments
(Figure 1.1). Series of experiments conducted by Chiew and Lim [2] showed that
formation of the scour hole formation reached the equilibrium state approximately in 6

hours and 24 - 68 hours in air and water, respectively.

p Vi y %
A had Fy
A by
Do

Do : h {7 h

A
=< - hr 7773

o o
Y A e B0 S - oBL
Y D "Ls;i;x SRS Original Bed Level (OBL) 2 TR e

4 .v\l‘

I'—'" 7

(2) (b)

Figure 1.1 Sketch of scour formation by a submerged circular (a) wall jet (b) horizontal
jet with gap (Chiew and Lim [2])

Chiew and Lim [2] found that the scour hole formations produced by the circular wall
jet were highly dependent on the densimetric Froude number (Frq) that is one of the

main characteristic of scouring parameter. They also defined characteristic
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dimensionless parameters of scour formation due to a circular jet for both in air and

water, by the Equation (1.1) and Equation (1.2) given below.

Scour hole formed in air for an equilibrium state (2.7 < Frq < 32.5)

B L
S, =0.15-Fr;%; —Smx —ppeit,  —smx = 89 it (1.1)
DO DO
Scour hole formed in water for an equilibrium state (4.8 < Frq < 85.3)
B L
S, =0.21-Fr,; —Smx=pp0%,  —smx =g A1.Frd" (1.2)
DO DO
where Ssmax IS the maximum depth of scour hole at equilibrium state, Bsmax IS the
maximum width of the scour hole at equilibrium state, Lsmax IS the maximum length
from the jet exit to the initiation of the scour hole formation, D, is the diameter of

circular jet, Frq is the densimetric Froude number Fr,=u,/,/gd,,A, Uo is the efflux

velocity, A is the relative density, g is gravitational acceleration, dsg is median grain size
of the bed sediment.

Figure 1.2 shows the dimensionless parameters of Ssmax/Do Bsmax/Do, and Lsmax/ Do as a
function of the densimetric Froude number. These parameters formed with the same Fryq

are always higher in air than in water.
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Figure 1.2 Ssnax/Do With Frq for circular wall jets in (a) air and (b) water (Chiew and Lim

[21)
Chiew and Lim [2] also defined the correlation between the dimensionless deposition

crest he/Ssmax With Frq seen in (Figure 1.3). They observed that the eroded scour hole

quickly formed a deposition mound while the scour hole was increasing.
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Figure 1.3 h/S variation with densimetric Froude number (Frg) (Chiew and Lim [2])

Chiew and Lim [2] stated that the eroded particles from the scour hole needed much

more energy to overcome the potential energy created by higher the deposition mound

height (hy) formed in water than in air because the density difference between air /

sediment and water / sediment directly affects the mode of sediment transport and the

scour hole formation.

The gap between the sediment bed and water jet is also an additional parameter which is

affective on scour formation. Figure 1.4 shows the variation of Ssmax/Doand G/D,. They

found that the higher gap (G) reduced the scour depth because most of the energy

diffused into the flow instead of being used to erode the sediment bed.
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Figure 1.4 Variation of Ssmax/Do With offset height G/D, for various Frq values for

circular offset jets (Chiew and Lim [2])

Hong et al. [5] investigated the local scour hole induced by a rotating propeller for

noncohesive sediment beds. They defined a schematic view for the scour formation
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given in Figure 1.5. They tested different experimental parameters such as; propeller
diameter (Dp), sediment bed material, gap ratio G/Dp, and propeller speed to define the

affective parameters on scour formation.
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Figure 1.5 Schematic scour formation owing to propeller jet (Hong et al. [5])

Hong et al. [5]’s summarized experimental test conditions compared with Karki et al.
[6]’s and Hamill [7]’s data in Table 1.1.

Table 1.1 Summarized test conditions (Hong et al. [5])

Test Dp dso G h Uo Frad Rej hr Type of Scour
(cm) (cm) (cm) (cm) (m/sec) (cm)
R-1 10 0.34 15 60 0.682 9.19 68.176 60 Propeller wash
R-2 10 0.34 15 60 0.484 6.53 48.443 60 Propeller wash
R-3 10 0.34 10 60 0.484 6.53 48.443 60 Propeller wash
R-4 21 0.24 10.5 60 0.379 6.08 79.58 45 Propeller wash
R-5 21 0.24 10.5 60 0.482 7.73 101.177 45 Propeller wash
R-6 21 0.24 10.5 60 0.557 8.94 117.014 45 Propeller wash
R-7 21 0.24 10.5 60 0.666 10.69 139.92 45 Propeller wash
R-8 21 0.24 21 60 0.379 6.08 79.58 45 Propeller wash
R-9 21 0.24 21 60 0.482 7.73 101.177 45 Propeller wash
R-10 21 0.24 21 60 0.557 8.94 117.014 45 Propeller wash
R-11 21 0.24 21 60 0.666 10.69 139.92 45 Propeller wash
H-1 6.1 0.76 125 1.219 10.99 74.355 - Propeller wash
H-2 6.1 0.76 175 1.219 10.99 74.355 - Propeller wash
H-3 6.1 1.46 7.5 1.689 10.99 103.058 - Propeller wash
H-4 6.1 1.46 125 1.689 10.99 103.058 - Propeller wash
H-5 6.1 1.46 17.5 1.689 10.99 103.058 - Propeller wash
H-6 154 0.76 17.5 0.857 7.729 132.016 - Propeller wash
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Table 1.1 Summarized test conditions (cont’d)

H-7 154 0.76 175 1.285 11.59 197.965 - Propeller wash
H-8 154 0.76 175 1.715 15.46 264.067 - Propeller wash
H-9 15.4 1.46 17.5 0.853 5.548 131.344 - Propeller wash
H-10 15.4 1.46 175 1.279 8.318 196.921 - Propeller wash
H-11 154 1.46 175 1.706 11.095 262.664 - Propeller wash
K-1 2.66 0.71 2.66 1.08 10.07 28.716 16 | Squared offsetjet
K-2 2.66 0.71 3.99 1.08 10.07 28.716 16 Squared offsetjet
K-3 2.66 0.71 5.32 1.08 10.07 28.716 16 Squared offsetjet

R denotes the study by Hong et al. [5], K the study by Karki et al.[6]’s, H study by Hamill [7]’s

Hong et al. [5] divided scour hole formation into four stages as seen in Figure 1.6. The

first one is the initial stage when is the primary scour hole is formed with small ripples.

Then a small scour hole formed beneath the propeller while the primary hole was

increasing in size at the devoloping stage. During stabilization stage, the small and the

primary scours increase and the distance between them decrease. In the last asymptotic

stage, both the small and primary scours merge together and remain still.

(a) Scouring processes along
the centerline of propeller

(c) Schematic diagram for
scouring processes
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Figure 1.6 Scour hole formations (Hong et al. [5])
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Figure 1.7 shows the scour depth differences at low and high gaps of the propeller. For
the case with low gap ratio (G/Dp= 0.5) deeper scour hole and higher dune formations

were observed than a higher gap ratio (G/Dp =1.0).
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Figure 1.7 Scour profiles (a) Low gap ratio with G/Dy =0.5 (b) High gap ratio with G/D,
=1.0 (Hong et al. [5])

Hong et al. [5] expressed the scour depth using Buckhingham Pi theorem by choosing,
p and Ug as the primary parameters;

Sﬂzf{Fr
Dp

G t
d_WJ &9

where Smax IS the maximum depth of the scour hole at any time, Dy is the propeller
diameter, Frq is the densimetric Froude number, dso is median grain size of sediment
bed, G is the vertical distance from the seabed to the center of the propeller axis, t is

time.

Hong et al. [5] rearranged the formula with using experimental data for the time
dependent scour hole formation both for the propeller jet and the sumberged jet valid
for 0.5 <G/Dp< 2.87 and 5.55 <Frg< 11.1 as follows:

Smax

ks
u,t
. :klllog10 [D_p]kzl

G -1.740 G -0.170
k,=0.014-Fr;'®.| — i
D ds,

(1.4)

(15)
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2.302 -0.441
kzzl.esz.mo-om.(&} (3} w6)
D, ds,
G 0.53 G -0.045
k,=2.477 -Fr;>o" (—J : [—] (1.7)
D, d,

The rearranged Equation (1.4) was used to define the time needed to initiate the
scouring ts, for Smax=0;

Ut
IOglO [D_(;] :kz
tS
Dp
UO

The results showed that seabed scour formation due to propeller jet occured within a

(1.8)

2.302 -0.441
1882xFrP9%x S x[ij
Dy dso

=10*2=10 (1.9)

very short time after the propeller began to rotate within the range of 0.06 to 12.1 sec in

their experiments.

Hong et al. [5] defined the effective parameters on scour formation caused by propeller
jet. Their defined parameters with the data from various researchers are summarized in
Table 1.2.

Table 1.2 Summarized parameters that are effective on the scour formation given by
researchers (Hong et al. [5])

Researchers G/Do Frq Smax/Do | Jet Mechanism
Hamill [8] 1.14 5.55-7.73 | 0.91-1.00 Propeller jet
Chiew and Lim [2] 0.50 -15.75 | 13.14-60.4 | 0.47-12.76 Circular jet
Karki et. al. [6] 1.00 -2.00 10.00 2.03-2.87 Square jet
Hong et al. [5] 0.50-1.50 | 6.08-10.69 | 0.50-1.50 Propeller jet
D, denotes nozzle diameter of the circular jet, width of square jet or propeller diameter

They indicated that both Frq and gap ratio G/D, are effective parameters for the depth of
scour. Figure 1.8 (a) shows the parameters mostly associated with propeller jet scour for
Fr, <10 which tends to merge into the trend formed by the data for jet flow at higher
Fra. Figure 1.8 (b) also shows that the dimensionless scour depth Ssmax/Do decreases

with an increasing of G/D,. Hong et al. [5] expressed an emprical equation valid for
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0.5<G/Dp<2.87 and 5.55<Frq<11.1 by considering these parameters for the initiation of

scouring as follows:

S 0.955 -0.022
ma G G
13.2mx _ (265 Frd-£4.114-—J (—j (1.10)
D, D, D,
100 = 15
3 Submerged jets Type of jet Frd
-1 Circular jet | Propeller jet | Square jet - : ";ﬂ:ggg
i G/Do 6D, G/D_n ¥ 3 - e Circular :5?:1-50,7
0050-081| A 050 & 1.00 O Square |m 10
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Figure 1.8 (a) Comparison of (&) Ssmax/Do and Frq (b) Ssmax/Do and G/D, with dashed
line for Equation (1.10) (Hong et al. [5])

They obtained critical densimetric Froude number Freg by using Equation (1.10) for
G/Do>0.5 given as follows:

Fr,, :4.114-DE (1.11)

0

Linearized plots of Equation (1.10) with their experimental data are given in Figure 1.9
that represents both no scour and scour conditions.
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Figure 1.9 Critical conditions for scour induced by propeller and submerged jets (Hong
etal. [5])
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A local scour problem induced by propeller jet as seen in Figure 1.10 during a ship’s
berthing/unberthing and maneuvering operations may occur at the seabed and at the

banks of navigation channels on the sloping banks of the harbor, near quay walls, and

—

—

around pile structures (Chin et al. [8]).
Sliding of filling

Roll-on/Roll-off
ferries and
container ships
due to wash out

,,-J Local scour due to \\ /
Propeller propellercurrent\ w

-

.

. { PR § /W\/‘ //v,
-

Figure 1.10 Erosion of seabed induced by a ship propeller (Chin et al. [8])

Chin et al. [8] identified the mechanism of scour induced by propeller jet into two
categories; ‘Pile obstruction mechanism’ that occured owing to impinging of jet flow
onto the pile and ‘Jet diffusion mechanism’ that formed the scour hole under jet’s

diffusive velocity.

Chin et al. [8] observed the downflow due to the impinging and horseshoe vortex with
the deflected flow. They stated that the downflow velocity increased with the deflected

flow into scour hole while the scour hole at the pile was developing (Figure 1.11).
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Figure 1.11 Vertical flow distribution at the pile (Chin et al. [8])
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They investigated the formation of the scour hole mechanism owing to circular jet
around a vertical pile (Figure 1.12).

do_ A

57 -

le— Pile

Xi

groove

Figure 1.12 Scour hole formation induced by wall jet around a vertical pile (Chin et al.
[8])
They defined different types of scour profiles by changing the values of impingement
distances (Xi) as seen in Figure 1.13. Type 1 scour profiles occured at the face of pile,
that is Ssmax=So and obstruction mechanism was dominant because of the small
impingement distance. Jet mechanism was dominant for Type 2 profiles due to larger
impingement distance and the scour hole had a similar formation produced by wall jet
with no pile case (So=0). Type 3 scour profiles had two different scour formations one
of them was produced due to jet mechanism as Type 2 profile and the other formation
was produced by obstruction mechanism around the pile. The maximum scour depth

occured at the upstream toe of pile as Ssmax> So.
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Figure 1.13 Zero counter line and centerline profile (a) Type 1, (b) Type 2, (c) Type 3,
(d) Type 4 (Chin et al. [8])

Boundary limits of the scour profiles were expressed by Equations (1.12) and (1.13) for

different type of scour profiles (Figure 1.14) by Chin et al. [8] as follows:

Type Land 3: tanez% (1.12)
Type2and 4: X,=L, (1.13)
where S, is the depth of maximum scour hole at the pile, X; is the impingement

distance, L is the length of maximum scour hole from the initiation of the scour to

downstream edge of deposition zone, o is the angle of repose of the sediment bed.

37



Location of jet exit at the boundary limit between a Pile location at the boundary limit
Type 1 and 3 profiles between a Type 2 and 4 profiles Pile location for
Type 4 profile
Lt
™ - — ;
Xi o I
| pile j Ls max : !
Jef |— Us \-‘ | :
& s, s T
Erosion 38 smax Pi‘{' Pile location at
caused by jet the boundary limit
. betweena for
Erosion caused by strong Type 2 and 4
downflow and horseshoe ‘ profiles
vortex (Effect of pile structure)
(@ )

Figure 1.14 Boundary limits of centerline profiles (a) Type 1 and 3 (b) Type 2 and 4
(Chinetal. [8])

The functional relationship of Frg on Ssmax/Do with Xi/Do (=0.5-41.3) and do/Do (=0-21)
in their study was given with Equation (1.14) in (Figure 1.15);

S
S max :0.21Frd (114)
DO
100 Scour profile Frd 17 - 85.4
¢ Typel
A Type ll XiD. | 05-413
o Typs N do/De | 0-21
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Figure 1.15 Variation of Ssmax/Do With Frq (Chin et al. [8])

The boundary limit between different types of scour profiles defined by Chin et al. [8] is

as follows:

Type 1 and 3 scour profiles are formed with substituting Equation (1.14) into (1.12) for
the average value of 0=31;
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X
Fr,=2.86-— 1.15
;=286 (115)

0

Type 3 and 4 scour profiles are formed with substituting Equation (1.14) into (1.13) for
the value of L, /S, =9.8;

Xi
F, =049 (1.16)

0

Type 2 and 4 scour profiles are formed with substituting Equation (1.14) into (1.13) for
the value of L,/S,, ., =12.6;

smax

X.
F,=038.—t (1.17)

0
Chin et al. [8] stated that Frq and Xi/Do were the most important parameters in
determining the formation of the scour type. These three boundary limits defined in
Equation (1.15), (1.16) and (1.17) are classified in terms of Frq and Xi/Do in Figure
1.16.
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Figure 1.16 Classification of the equilibrium scour profiles in terms of Frg and Xi/Do
(Chin et al. [8])
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Hamill et al. [9] investigated different positions of a solid vertical quay wall on scouring

process induced by wall jet to simulate the propeller wash as seen in Figure 1.17.
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Figure 1.17 Jet flow deflection toward the bed and quay wall structures (Hamill et al.

[91)

Characteristics of the propellers with some test parameters used in the experiments are

summarized in Table 1.3.

Table 1.3 Parameters for the experiments (Hamill et al. [9])

Pitch of

D, (m) the Blade BAR | N Cr dso (mm) | C(mm) rpm Frq

0.154 0.95 0.488 | 4 0.38 0.76-1.46 50-150 400-800 5.55-15.46
0.061 0.98 0.663 | 3 0.48 0.76-1.46 45-145 1,400-2,200 | 8.55-18.73
0.076 1.0 0473 | 3 0.402 1.46-3.00 95-150 1,000-2,500 | 7.97-11.02
0.131 1.1352 0922 | 6 0.558 1.46-3.00 60-150 350-800 6.08-8.33

In the table, BAR is the propeller’s blade area ratio, N is the number of the propeller’s

blades, Cr is the propeller’s thrust coefficient, C is the clearance distance from the

sediment bed to the propeller tip.

They developed empirical equations for the estimation of scouring due to the propeller

jet. Earlier researchers such as Blaauw and Van de Kaa [1] provided some methods for

estimating the maximum scour depth without considering the effect of any berth

structure and maximum scour

Ssmax:f(Uo7 Dp’ dSO’ C’ p’ g’ A’ U) .

depth (Ssmax) was given as a function of;

Maximum scour depth that is defined without considering berth structure as a

logarithmic function of time is as follows:
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S e =Q[In(t)] (1.18)

C 0.742 D -0.552
r=4.113(—] (—pj Fr, 0% (1.19)
50 dSO
-4.63 3.58
D
Q=6.9-10'4(£j (—"j Fr, "% (1.20)
50 d50

They expressed the maximum depth of scour by dimensional analysis without
considering the effect of viscosity as follows:

D
Smex ¢ [Frd,—p,gj (1.21)
D d50 d50

p
where Smax IS maximum depth of scour hole at any time, Dy is the diameter of propeller
jet, Frq is the densimetric Froude number, Up is the efflux velocity, A is the relative

density, g is gravitational acceleration, dsois median grain size of sediment bed.

Hamill et al. [9] rearranged Equation (1.18) as (1.22) with the k value for 38.97 and
70% of the data validated as +45%.

S e =kQ[In(t)]' (1.22)

Relationship between I"and Q was given in their study for 0.5<G/D,<2.5is as follows:

Q=77"% (1.23)
0.94 -0.48
C D
r=| — L Fr,*® 1.24
&) (&) = s

Distance from the face of propeller to the location of maximum scour at equilibrium

state (Xmu) was determined by Hamill et al. [9] as;
X, =Fr,>*C (1.25)

Hamill et al. [9] also showed that scouring mechanism could be different in different
positions of quay wall as seen in Figure 1.18. The scour holes started to develop
similarly for the unconfined case; however, there was additional erosion observed close
to the wall as seen in Figure 1.18 (a) and Figure 1.18 (b). In Figure 1.18 (c) there was a

decrease in the amount of erosion that took place in the area that eroded in the
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unconfined situation, although there was additional erosion at the beginning of the
profile. Figure 1.18 (e) shows the situation in which the wall is removed away from the
area affected by the unconfined scour. In this case the profile becomes slightly
elongated with the crest and the position of the maximum scour moving farther away

from the propeller. In Figure 1.18 (f), the maximum depth of scour tends to be reduced.
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Figure 1.18 Comparison between confined and unconfined scour profiles with the quay
wall placed at (a) 0.636Xs (b) 0.909X; (c) 1.636Xs (d) 2.272Xs (e) 2.727Xs (f) 3.27Xs
(Hamill et al. [9])

In the figure, Smax is the maximum eroded depth of scour, Ssmax is the maximum depth
of scour hole at the equilibrium state without quay structure, Xmy is the longitudinal
location of maximum scour depth for unconfined case, X is the horizontal distance from

the propeler’s face.

Lam et al. [10] investigated the axial, tangential, radial components of velocity and the
turbulence intensity caused by a ship’s propeller. They measured three components of
velocity with laser Doppler anemometry (LDA) according to the coordinate system as
seen in Figure 1.19.
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Figure 1.19 Axial, tangential and radial velocity components in the coordinate system

(Lam et al. [10])

They used 76 mm propeller diameter (Dp) and 1000 rpm propeller speed to illusturate a
typical ship propeller with a diameter 2.5 m, 200 rpm propeller speed with thrust
coefficient (Ct) 0.61. According to a survey carried out at British ports and harbors by

Qurrain [11], it was observed that having a propeller with the size of 1.5 — 3.0 m and

with a 200 rpm rotation speed, a ship might cause seabed scouring.

Lam et al. [10] reported that the measured efflux velocity with the LDA is higher than
the theoretical values of efflux velocity calculated with the equations given by various

researchers seen in Table 1.4.

Table 1.4 Measured and calculated efflux velocity values (Lam et al. [10])

: Efflux Velocity, Uo | Variation
Source Equation (m/sec) (%)
Lam et al. [10] - 1.365 -
Uy, =159-n-D, -/C;
n=16.67 Rps 1.274 6.7
Axial Momentum Theory D,=0.076m
C,=04
Hamill [7] Uo:1-33'”'Dp'\/a 1.066 21.9
Uy=¢-n-D,-{/Cy
g — D;)O.OGBG A P‘l.519 . B—0.323 1230 99
Stewart [12] P o1
B =047
U,=E,-n-D,-/C;
D
: E —| —p |. 0403 go74s 1.223 10.4
Hashmi [13] o [Dhj TP
D,=0.01492m
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In the table, Dy is the propeller diameter, Uo is the efflux velocity, n is the number of
propeller revolutions per second (rps), Cr is propeller thrust coefficient, ¢ is efflux
velocity coefficient, P’ is the propeller pitch ratio, Dy is the diameter of hub.

Lam et al. [10] found the position of the maximum velocity approximately 22.5 mm
radial distance from the rotation axis for the radius of propeller (Rp) is 38 mm and

radius of hub (Rn) is 7.46 mm. The variation between Lam et al. [10]’s and Berger et al.

[14]’s results were 10% as seen in Table 1.5.

Table 1.5 Position of efflux velocity values (Lam et al. [10])

Researchers Equation Position (mm) | Variation (%)
Lam et al. [10] - 22.5 10
Berger et al. [14] Rn =0.67-(R,-R}) 20.46 -
Prosser [15] R =0.6-(R,-R}) 18.32 10
Hamill [7] R =0.7-(R,-R}) 21.38 4
Stewart [12] Agreed with Berg_er etal. [14]’s i 9.5
Equation
McGarvey [16] Agreed Wltr:EBerg_er etal. [14]’s b 30
quation

Hamill [7], Stewart [12] McGarvey [16] and Brewster [17] reported that the most
dominant component of the velocity was the axial velocity (Ua). The axial velocity (Ua)
distribution had two peak ridges with a low velocity core at the rotation axis and Lam et

al. [10]’s results agreed with theirs as seen in Figure 1.20.
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Figure 1.20 Measured axial velocity with 2D LDA and 3D LDA (Lam et al. [10])
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The tangential velocity (Ut) was emphasized as the second largest component of the
velocity by Stewart [12] which was confirmed with Lam et al. [10]’s measurement

results as seen in Figure 1.21.

[
P

Tangential velocity, (m/s)

Lateral section (mm)

Figure 1.21 Measured tangential velocity with 2D LDA and 3D LDA (Lam et al. [10])

The location of the first peak of tangential velocity was determined at the point of the
propeller hub and where the blades were joined, and the second peak was at the point
near the tip of the blade. Lam et al. [10] found the distance of those peaks located at
radial distance r/Rp = 0.13 and 0.66, respectively.

The radial component of the velocity (U;) was stated by McGarvey [16] as
approximately 30% of the axial velocity. Likewise, Lam et al. [10] found that the radial
velocity increased from the hub to a peak velocity and decreased towards the blade’s
tips (Figure 1.22).
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Figure 1.22 Measured radial velocity with 2D LDA and 3D LDA (Lam et al. [10])

All three components of the velocity measured by Lam et al. [10] are given in Figure
1.23. This figure shows that the axial velocity has two peaks between the rotation axis

(r/Rp) and the jet boundary.
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Figure 1.23 Measurement of dimensionless velocity components (Lam et al. [10])

In the figure, r is the radial distance from the propeller’s center and Ry is the radius of
the propeller.

Lam et al. [10] compared their results with Kee et al. [18]’s to determine the effects of
the propeller geometry on all three components of velocity as seen in Figure 1.24.
Comparison of the propeller parameters used in Kee et al. [18]’s and Lam et al. [10]’s

is given in Table 1.6.

1.0

—<&—"Ua
—%—Ut
—%—Ur

A = =r =Ua, Kee etal
(2006)
= == Ut Kee etal
. (2006)
-G 'Ur,,Kuc etal
(2006)

Figure 1.24 Velocity components for different propeller geometry (Lam et al. [10])

Table 1.6 Propeller characteristics of Kee et al. [18] and Lam et al. [10]

Researhers Dy(mm) | Dn(mm) N P’ BAR Cr
Kee et al. [18] 92 20.3 4 0.735 | 0.4525 | 0.2908
Lam et al. [10]’s 76 14.92 3 1 0.47 0.4
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Hamill [7] stated that the turbulence intensity that we have little information about, flow
pattern decreased along the rotation axis. Lam et al. [10] found that the axial (U’3),
tangential (U’t) and, radial (U’y) component of turbulence intensity showed three peaks
at the propeller face as 0.28, 0.88, 0.56, respectively as seen in Figure 1.25. The
maximum peak also observed at the rotation axis (r/Rp=0) is shown in this figure.

7.0 [

——TUa
——Ut

6.0

50 F
UUmax [
a0 F

Figure 1.25 Axial (U’3), Tangential (U’) and, radial (U’r) component of turbulence
intensity (Lam et al. [10])

Johnston et al. [19] tested different clearances of propeller, with and without sediment
bed conditions to determine the expansion of propeller wash. The case of a propeller jet
incident on an horizontal bed was proposed as three zones; zone prior to jet impact with
the boundary, zone of boundary layer development and the zone of developed boundary

layer flow as seen in Figure 1.26.

Developed Boundary Zone of Boundary Layer Prior to Jet
Layer Flow Development Impact
T __7_7__*—*——7__,,_7__7_7UpperJet

Lower Jet

Boundary A ' a — Expansion Angle

Figure 1.26 Schematic view of boundary layer development (Johnston et al. [19])
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As a propeller, they used 76 mm diameter (Dp), 0.61 thrust coefficient (Cy), 0.47 blade
area ratio (BAR), 14.92 mm hub diameter (Dn) to illustrate a typical small vessel.

They made velocity measurements by a particle image velocimeter (PIV) system at the
propeller’s face (1), farthest downstream (2) and at a point equidistant from (1) and (2).
Velocity profile measurements for a constant clearance height at 96 mm with and
without bed conditions at the propeller centerline are given in Figure 1.27, Figure 1.28,
Figure 1.29. Figure 1.27 shows that the increasing distance to downstream from the face

of propeller causes increasing velocity difference between with bed and without bed

conditions.
1 -
a with bed
0.8 1 + without bed
061
U/Uo
0.4 - oy
0.2 4
D L) L) L) L) L) L L 1
415 L 515 ] 615 F 75 8 815
-0.2 -

x/Dp

Figure 1.27 Velocity profiles at the propeller centerline (Johnston et al. [19])

Johnston et al. [19] measured the axial velocity approximately as 0.05 m/sec which

remained low and constant for the unconfined bed at r/R,=2.5 (Figure 1.28).

1 -

& with bed

0.8 4 + without bed
0.6 -

0.4 -

U/Uo
0.2
D L]
415 5 55 6 615 ¥ e 8 85

-0.2

Figure 1.28 Velocity profiles at the propeller centerline at r/Rp=2.5 (Johnston et al. [19])

Close to the boundary at r/Rp=3.6 (5 mm above the bed) the axial velocity without bed
conditions has negative values that represents a return flow whereas the velocity
confined condition increases from 0.05 m/sec to 0.17 m/sec as seen in Figure 1.29.
(Johnston et al. [19]).
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Figure 1.29 Velocity profiles at the propeller centerline at 5mm above the bed
(r/Rp=3.6) (Johnston et al. [19])

According to all these three test results Johnston et al. [19] observed a change point at
7.2Dp in both at centerline and at r/Rp=2.5 in the longitudinal velocity as seen in Figure
1.27 and Figure 1.28. When they changed the clearance height at 121 mm, this point
was observed at the centerline and boundary at 7.9D, and 7.7Dy, respectively. The
clearance height for 146 mm was observed at 8.2D; in both at the centerline of the
propeller and at r/Rp=2.5. As the clearance height was increased, the expansion of the
propeller jet increased up to 10° and 20° for with bed and without bed conditions,
respectively (Figure 1.30).
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Figure 1.30 Expansion angle variation (Johnston et al. [19])

Johnston et al. [19] proposed Equation (1.26) to represent the expansion angle as
follows:

a=66-10"-C+8.3 (1.26)

where « is the expansion angle of a propeller jet, C is the clearance height.
Their study showed that the maximum axial velocity decay with the increasing distance

from the propeller as a function of the efflux velocity and clearance height is given in
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Equation (1.27). According to different clearance heights, Johnston et al. [19]’s
calculated A;and B; coefficient values are given in Table 1.7.

BZ
Une - | X (1.27)
U, D

p

where Umax IS the maximum axial velocity, Uo is the efflux velocity, A; is the derived
coefficient for a zone, B; is derived coefficient for a zone, Dy is propeller diameter, X is

axial distance from the face of propeller.

Table 1.7 Coefficient values for maximum velocity (Johnston et al. [19])

Up to Developed Boundary | Developed Boundary Layer
Clearance, C (m) Layer Flow (z=1) Flow (2=2)
Aq B Az B2

0.071 2.1 -0.90 14 -0.70

0.096 1.8 -0.62 2.6 -0.78

0.121 1.8 -0.73 2.6 -0.91

0.146 1.3 -0.47 1.3 -0.50

0.171 0.8 -0.16 1.2 -0.40
Johnston et al. [19] produced Equations (1.28) and (1.29) with the results of Table 1.7.
A, =-102.9C*+12.5C+1.68 , B,=49.1C?-5.37C-0.71 (1.28)
A,=-4457C?+101.1C+-3.33 , B,=102.9%-21.4C+0.29 (1.29)

where C is the clearance height, A1, A2, B1, B> are the coefficients for a zone up to
development layer flow z=1 and z=2.

Lam et al. [4] presented a detailed review of the equations that were used to calculate
the velocity distribution. They gave Berger et al. [14]’s Equation (1.30) for the radial
distance from the rotation axis to location where the maximum thrust occurs (Rmo) and
Oebius and Schuster [20]’s Equation (1.31) for the location of the maximum axial

velocity at the efflux plane given as follows:
R, =0.67(R,-R,) (1.30)
where Rn is the Propeller hub diameter, Ry, is the radius of the propeller.

-0.3
R, =03R._ [Rij (1.31)

mo
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where Rm is the location of maximum axial velocity within the zone of flow

establishment.

Lam et. al. [4] also summarized the equations to determine the maximum and axial

velocity and its position along the longitudinal distance within the zone of flow
establishment and the zone of established flow (Table 1.8 and Table 1.9).

Table 1.8 Maximum velocity in the ZEF and ZFE (Lam et. al. [4])

Zone Researcher(s) Equation Remarks
1
Albertson et al. Uno - 1 | X
[21] U, 2C.\D
Fuehrer and
NGt (2] Researchers

Zone of Established Flow

Blaauw and Van
de Kaa [1]

Berger et al. [14]

suggested equations
with different C
coefficients to
determine the Umax in
terms of x/Dy.

-0.7
Verhey [23] Yo 1 975 ij
U, D,
B
Ynnax A (i] Takes account of the
Hamill [7] U, D, propeller

A'=-11.4C,+6.65B+2.16(P/D,)
B':_(l 0(:t )-0.216[31.024 (P/Dp ).1_0

characterictics by
considering blade
area ratio.

Stewart [12]

Yne 543 - 0.0281) X
U D

0 p

The maximum
velocity decays in the
ZFE to a downstream
distance of x/D,=10.

Hashmi [13]

Yinec :o.638e0'097[[’ij
U

0

The ZEF can be
extended up to
x/Dp=16.

o1




Table 1.8 Maximum velocity in the ZEF and ZFE (cont’d)

Hamill [7]

Valid up to
x/Dp =0.35from

the face of propeller.

After distance
x/Dy=0.35 at the
location downstream
Unmax decays steadily.

Zone of Flow Establishment

Stewart [12]

Ynex 1 0172-0.1835| X
Dp

0

Umax decays from the
propeller face within
the ZFE to be up to
X/D, <3.25.

In the table, Dy is the propeller diameter, Umax is the maximum velocity, B is the blade

area ratio, x is axial distance, C; is ratio of the standard deviation concerning velocity,

P/Dy is pitch ratio.

Table 1.9 Axial velocity at any distance in the ZEF and ZFE (Lam et. al. [4])

Zone | Researcher(s)

Equation

Remarks

Albertson et al.
[21]

a

U e[-(rZ/ZGZ )]

o =0.605U __, on

the axial distance
from the propeller.

U —((r+Cx—(D, /2))2/(2(Cx)?)
T ]

- Albertson et al. = o=Cx
c [21] max
(3] —_
E Umax _Uo
2 U, _ [02(RuV R/ Valid up to distace
g T € 0.5 D, downstream
o max of the propeller.
E Hamill [7] U, _ e[-(l/Z)((r-RmO V(R 1o I2#0.075(XR))? |
'-ILE Umax
o
(3]
= Ya -1 26100974 2 | +0.733] &
Q nNR, R, _
Applicable only
P across the initial
+18.53 +5.028| —% +0.106| —
McGarvey [16] [ ] [R J [R ] efflux plane for the

h 2
-1. 277{ ] -4, 093(—')
Rp c

propeller jet.

Albertson et al.
[21]

Zone of
Established
Flow

U _[22mixy]
U

max
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In the table, U is the axial velocity at any distance, r is the radius of propeller rotation
axis, o Iis standard deviation, hq is the helical distance from the blade section leading
edge to rake datum line, h is the helical distance from the blade section leading edge to
position of the maximum thickness, N is the number of blades, Ry is the radius of
propeller, P is the pitch of blades, ty is the thickness of blade, c is the chord length, Rmo

is the radial distance from the rotation axis to the point where maximum thrust occurs.

Lam et al. [24] investigated the efflux velocity of a ship’s propeller as the preliminary

parameter of the seabed scouring due to propeller jet as illustrated in Figure 1.31.
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Figure 1.31 Seabed scouring parameters (Lam et al. [24])

They proposed semi-emprical methods for determining efflux velocity by using the
laser Doppler anomemetry (LDA) and computational fluid dynamics (CFD). Their
results were compared with the theoretical equation for the efflux velocity derived from

axial momentum theory.

They tested two different propeller geometry by using various propeller speeds (Table
1.10). The efflux velocity profile measurements at 750-1500 rpm propeller speeds with
propeller - 76 and 350 - 100 rpm with propeller - 131.

Table 1.10 Propeller characteristics (Lam et al. [24])

Propeller Characterictics Propeller - 76 Propeller - 131
Propeller Diameter (Dp) 76 mm 131 mm
Propeller Hub Diameter (Dn) 15.2 mm 35 mm
Propeller Blade Number (N) 3 6
Blade Area Ratio (BAR, B) 0.473 0.922
Thrust Coefficient (Cy) 0.4 0.56
Mean Pitch Ratio (P’) 1 1.14
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Measured efflux velocity profiles with LDA given by Lam et al. [24] showed two
peaked ridges owing to the hub that are similar to Hamill [7], Stewart [12], Hashmi [13]
and McGarvey [16]’s suggestion. However, they could not observe this peak in the CFD

seen in Figure 1.32.
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Figure 1.32 Horiziontal and vertical experimental measurements in for the propeller - 76
at 1000 rpm (Lam et al. [24])

The theoretical equation to determine the efflux velocity derived from axial momentum
theory with the consideration of zero advance speed of a ship is given in Equation
(1.32).

U,=1.59nD,,/C, (1.32)

Lam et al. [24] investigated the coefficient 1.59 given in Equation (1.32) by using their
results. They plotted measured efflux velocity (Uo) values with LDA versus nD,vCt. and
obtained the efflux coefficients for two different propellers (Table 1.11).

Table 1.11 Efflux coefficients measured with LDA and correlation coefficients (R?)
(Lam et al. [24])

Propeller - 76 Propeller - 171
Location Efflux R?2 Efflux R?
Coefficient Coefficient

On the left hand side, across the horizontal 16901 0.9985 15589 0.9987

section
On the right hand S|de,_ across the horizontal 17244 109973 | 15961 | 0.9990
section
On the top, across the vertical section 1.6959 | 0.9982 | 1.6426 | 0.9988
At the bottom, across the vertical section 1.7203 | 0.9963 | 1.6565 | 0.9957
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Lam et al. [24] also investigated efflux coefficients with a CFD model results with a
wider range of propeller speeds (250 - 1750 rpm) and proposed equations of the efflux

velocity with different coefficients as given in Table 1.12.

Table 1.12 Equations for different propellers (Lam et al. [24])

Propeller Source of Data Equation
Propeller - 76 LDA Uo=1.71nDyCr
Propeller - 76 CFD Uo=1.46nD,vCr
Propeller - 131 LDA Uo=1.61nD,Cr
Propeller - 131 CFD Uo=1.41nD,Ct
Both Propeller LDA Uo=1.65nD,VCr
Both Propeller CFD Uo=1.41nD,Cr
Modified Four Bladed Propeller - 76 CFD Uo=1.48nD,VCt
Modified Five Bladed Propeller - 76 CFD Uo=0.89nD,vC+

They compared efflux velocity values obtained from CFD values with LDA
measurements and validated that the linear relationship with the efflux velocity (Uo) and
nDyCr. In their study it was stated that the efflux coefficient was reduced when the

blade number increased.

Yew et al. [25] investigated scouring formation by using twin propellers instead of a
single propeller. They conducted their experiments in a tank with a width of 1.2 m,
length of 3.0 m and height of 1.0 m. Sediment bed material with median grain size of
ds0=0.1 cm was used in the tank and propeller diameter of 22 cm was tested with

rotation speeds of 400, 500 and 600 rpm.

Under these experimental conditions they stated that the scour profiles with twin-
propellers had similar scour profiles in longitudinal axis when compared with single-
propeller wash as in Hong et al. [5]’s study. However, in the plan view of scour
formation with the tests conducted by using twin propellers, the right side had a larger
scour impact than the left side as seen in Figure 1.33. The right side was expected to
form a larger scouring impact attributed to the rotating directions (clockwise) of both

propellers.
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Figure 1.33 Scour profile induced by twin propellers (Yew et al. [25])

They also divided scour hole formations into four stages similar to the definitions given
by Hong et al. [5] as seen in Table 1.13. In the initial stage; two small scour holes form
with deposition crests in front and back of the holes, then the depths, widths and lengths
of the scours increase at the developing stage. During the stabilization stage, both
individual scour holes merge but they are still observed as individual scour holes. In the
last asymptotic stage the scour depth reaches its maximum level and the length, width

and, the depth remain still.

Table 1.13 The view of the stages of scour formations induced by twin propellers (Yew

et al. [25])
Scour Profile in Longitudinal View Scour Profile in Plan View Stages
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Table 1.13 The view of the stages of scour formations induced by twin propellers
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In Figure 1.34 scour profiles are given at the asymptotic stage when scour formation

reaches its equilibrium conditions for the constant clearance (C) and rotation speed

(rpm). They stated that the maximum depth of the scour hole (Ssmax) at the asymptotic

stage, was low at lower rotational speeds of the propellers and it increased with the

increasing rotational speeds. Width of the scour hole (Bsmax) and height of the

deposition crests (hr) increased as the clearance of the propeller decreased at constant

rotational speed.
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Figure 1.34 Scour formation at constant a) clearance b) rotational speed (Yew et al.

[25])
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Yew et al. [25] proposed an equation for the estimation of maximum scour depth (Smax)
owing to twin propeller wash at any time valid when t> 1sec. The equation is given

below.

Smax =k(|Og t)0.023l

-0.488
()" () @
D, C

Vis-a-vis the propeller (in centimeters), Uo is the efflux velocity (in meter/second), t is

the time (in seconds).

They also gave an equation for the maximum scour depth location (Xmax) induced by

twin propellers for X > 0.3D;, as follows:

0.1932
Xax =F1g 7 [EJ (1.34)
Dp

Wei and Chiew [26] investigated temporal and spatial development of the scour hole
induced by a confined jet near an open quay with slope. They conducted their
experimental tests in a tank that was 1.8 m wide, 4.0 m long and 1.0 m deep.

Summarized test conditions of their study are listed in Table 1.14.

Table 1.14 Summarized test conditions of Wei and Chiew [26]’s study

Test Dy dso Uo
b G/Dy XDy rpm Frqe | Type of Scour
Number (cm) | (cm) (m/sec)
Al-8 10 0.034 1 2,3,4,5, 450 | 0.778 | 10.5 Confined
6,7,8,9
B1-9 10 0.034 1 2,3,4,5, 600 | 1.040 | 14.0 Confined
6,7,8,9 11
C1-9 15 0.034 1 2,3,4,5, 450 | 1.053 | 14.2 Confined
6,7,8,9 10
*A0 10 0.034 1 o0 450 | 0.778 | 10.5 Unconfined
BO 10 0.034 1 0 600 | 1.040 | 14.0 Unconfined
Cco 15 0.034 1 0 450 | 1.053 | 14.2 Unconfined
*A0 data set was obtained from Hong et al. [5]’s study
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Parameters in Table 1.14 are defined as; Dy is the propeller diameter, Frq is the
densimetric Froude number, dso is the median grain size of sediment bed material, G is

the gap that is the vertical distance from the bed to the center of propeller’s axis.

A typical scour profile is given in Figure 1.35 under summarized test conditions. They
also examined various influences of toe distances (X) in their study, where; Ssmax IS the
maximum depth of scour hole at equilibrium stage, Bsmax IS the maximum width of
scour hole at the equilibrium state, Lsmaxc IS the maximum length of scour hole at the

equilibrium stage for confined conditions, X: is the toe distance.

-
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IG rotation ~
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Longitudinal scour profile

LSH]ax,E | Bsmax ‘

Lt T-T

Transverse scour profile

Figure 1.35 Schematic view of a typical scour formation in the presence of a quay slope
(Wei and Chiew [26])

They determined each test duration as 128 hours to reach the equlibrium state and also
divided the scouring into four stages that are similar to Hong et al. [5]’s as initial,
developing, stabilization, and asymptotic stages. Wei and Chiew [26] examined the
influence by the presence of the armored slope and vertical skirting on scour profiles
with a different toe distance (X). In Figure 1.36 Wei and Chiew [26]’s scour profiles
are given as compared to Hong et al. [5]’s. Hong et al. [5]’s profiles were obtained from

the cases without obstruction.

The small and primary scour holes are lower for the confined cases when compared
with Hong et al. [5]’s unconfined scour profiles for X: = 2D, to 5Dy as seen in Figure
1.36. The small steeper local scour was observed at the face of vertical skirting with the
scour profiles for X; = 6Dy to 7Dy whereas it dissappeared for Xt = 8Dp. Wei and Chiew
[26] concluded that the predominant effective mechanism on scouring process is due to
the obstruction mechanism with X; = 6Dy to 7D, while this effect changes to jet

mechanism with X; = 8Dy that is similarly observed in Chin et al. [27]’s study. When
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the scour profile reaches X = 9D, both small and primary scour holes are similar to the

profile without obstructed cases.

Figure 1.36 Comparisons of confined and unconfined scour profiles a)X¢= 2Dy b)X:=
3Dp C)Xt=4Dp d)X:=5Dp €)Xt = 6Dp f)Xi= 7Dy g)Xt= 8Dp h)X; = 9D, (Wei and Chiew
[26])

Wei and Chiew [26] classified scour profiles with an open quay based on different toe

distances as follows:

e Near toe field (Xt= 2Dy to 5Dyp)
e Intermediate toe field (Xt= 6D, ~ 8Dp)
e Far toe field (Xt = 9Dp)

They also used to relationship between X: and Xmy in this classification. At the
asymptotic stage, they found that the location of maximum scour depth (Xmy) for the

unconfined case, was the limit of the downward jet diffusion and beyond this limit the
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jet slipstream did not expand. Figure 1.37 (a) shows a target point considered which is
the limit of the downward jet diffusion without obstruction. According to Figure 1.37
(b), in near toe distance field, target point of the jet diffusion mechanism must occur at
X = Xt where, X; < Xmy. However, in the intermediate field, (Xt > Xmu) target point
located at the upstream of the skirting as seen in Figure 1.37 (b) remains still as in the
unconfined case, i.e., X = Xmu.

_-.?I';rget point (El)

e Slope

¢ Target point

Q
Target point

()

Figure 1.37 Schematic view of the the propeller jet’s target point for a) unconfined case
b) near toe distance c¢) intermediate toe distance (Wei and Chiew [26])

Parameters in Figure 1.37 are defined as; Xmy is the longitudinal location of maximum
scour depth for the unconfined case, Xm is the longitudinal location of maximum scour

depth for the confined case.

Based on these classsifications, Wei and Chiew [26] also stated that the threshold
between the near and intermediate field can be quantified as the location of the
maximum scour depth (Xt) in the confined case corresponding to the unconfined case,
i.e., Xt/ Xmu= 1 while the threshold of the far toe distance field occurs at Xt/ Xmu = 1.9.
They also gave a linear equation between the lengths and locations of the maximum

scour holes valid for the far toe distance field as given in Equation (1.35).

Xt

Lsmaxc
—==0.523
L

smax mu

+0.018 (1.35)
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where Lsmax.c is defined as the maximum length from the face of the propeller to the end
of the primary scour hole in the confined case while Lsmax is defined for the unconfined

Ccases.

In this equation, the linear relationship is not valid for the far field because in this field

Lsmax,c reaches the same value as Lsmax and remains unchanged for any increment of X:.

They observed that within the intermediate field, the maximum scour depth and width
decreased within the range of X;= Xmy to 1.5Xmy. However, they increased when X; is
greater than 1.5Xmu. Consequently, in the intermediate field, effective predominant
mechanism caused due to the obstruction mechanism with increasing toe distance when
Xt > 1.5Xmy since after this distance its effect starts to decrease and in the far toe
disatant field (X¢/ Xmu = 1.9); the jet diffusion mechanism is predominantly affective on

the scouring process.

1.2 Objective of the Thesis

The objective of this thesis is to give an overview over the subject of scouring formation
to improve the understating of scouring process under a ship’s propeller jet flow. The

study objectives include:

¢ To investigate the scouring process and scour dimensions induced by a propeller jet
on sediment bed with the absence and presence of berth structures;

eTo examine effective parameters such as: location of berth structure from the
propeller, propeller diameter, speed and gap, sediment bed material types;

e To examine the scour profile and the scouring process under different conditions
and propose a critical curve for the initiation of scour;

¢ To determine the maximum scour depth and its location with the absence of a berth
structure;

e To propose equations for the determination of the maximum scour depth at the toe
of a pile by considering both fixed and changing pile locations from the propeller’s
face with the presence of a pile type berth structure;

e To examine the scouring process when a two-pile tandem arrangement is under
propeller jet flow;

eTo test an example of scour protection application around a pile induced by

propeller jet.
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1.3 Hypothesis

Investigations of scouring problems have been studied upon consideration of different
types of berth structures. However, to the best of our knowledge, there is currently
limited research reporting on propeller jet induced scour around piled berths as open-
type structures. This is because scour formed near pile-supported structures is a more
complex problem owing to pile obstruction and jet diffusion mechanisms, as reported
by Chin et al. [8]. Consequently, this study aims to extend laboratory tests on scouring
induced by ship propeller during berthing and/or unberthing operations for a pile-
supported, pier type berth structure. Scour tests (without piles) were extended by
considering the effect of the confinement of the propeller wash in the experimental

flume induced by a vertical pile.
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CHAPTER 2

EROSION AROUND BERTH STRUCTURES

This chapter specifies the berth structures and scouring problems due to berthing and/or

unberthing operations of vessels’ near the structures.

2.1 Berthing Requirements and Effects on Seabed

Berthing requirements should be known for an understanding of scour mechanism
induced by ships’ propeller. Also types of berth structures and berthing/ unberthing

operations are mentioned for a better understanding of this mechanism.

2.1.1 Berth Structures

There are many different berth structures in use throughout the world. Some of the main
design parameters for berth structures are the site conditions such as geotechnical
conditions, water levels, currents, waves, seabed, etc. and the characteristics of the
design vessels (draft, length, propulsion system, etc.). Berth structures are divided into
two main classifications as (Permanent International Association of Navigation
Congresses (PIANC) [28]);

e Solid berth structures (Sheet pile structures and gravity structures)

e  Open berth structures.

Gravity structures are based on the concept that the weight of the structure itself
provides the resistance against forces that could result in movement such as sliding or
tipping. The weight resisting movement of the structure can be provided either mainly
by the structure itself (Figure 2.1) or by a combination of the structure and its fill (Figure
2.2).
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(a) (b)
Figure 2.1 Gravity wall structures a) monolithic b) block wall (PIANC [28])

i .

(@) ()

Figure 2.2 Gravity wall structures a) caisson b) cantilever monolithic (PIANC [28])

Sheet pile structures are the structures that retain the soil behind the structure by a
vertical sheet-pile wall, normally the face of the berth. The following figures are
examples of different types of sheet pile wall structures.

(a) (b) (©)

Figure 2.3 Sheet pile structures a) cantilevered sheet-pile b) anchored sheet-pile
c) Sheet-pile with platform (PIANC [28])

Open type berth structures are classified according to how they transfer loads;
horizontally and vertically (Figure 2.4). The soil resisting vertical loads is at some
distance below the surfaces vulnerable to scour, but revetted slopes and piles (resisting
horizontal loads in bending) are potentially at risk in the case of scour.
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(@) (b) (©)

Figure 2.4 Examples of different kinds of open berth structures a) pile/column
supported deck b) pile supported pier ¢) pile/column supported deck (PIANC [28])

Undergoing developments in marine transport with higher and larger size designs, aim
to increase the capacity of ships with powerful thrusters. In the last few decades,
growing size and capacities of ships have been designed with bow thrusters to increase
the ships’ maneuvering capacities that causes serious scour damages at the harbor basin,

navigation channels and both near open and berth structures (PIANC [28]).

During a berthing and/or unberthing operations, a ship which is in proximity to the
harbor structures, may cause serious scour to the sloping riprap banks, quay walls, or
around piles (Figure 2.5) (Chin et al. [8]).

The propeller wash of a maneuvering ship in a confined waterway or harbor can cause

serious problems. Some areas where the problems can occur are at (Chin et al. [8])

o the seabed banks of navigation channels,
¢ the sloping riprap banks of a harbor,
e (uay walls,

e piled structures.
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Figure 2.5 Scour induced by propeller jet near an open berth structure (Chin et al. [8])

Scour induced by propeller jet becomes an important issue in engineering problems due
to high costs of the marine buildings and maintenance of the structures. Propeller
induced scour problems have been investigated by researchers such as Blaauw and Van
de Kaa [1], Chiew et al. [2], Hamill and Hughes [3], Lam et. al. [4]. However, studies
on the scour mechanism due to the three-dimensional propeller jet around a vertical pile

are still limited.

The main objective of this study is to investigate the characteristics of a three-
dimensional scour hole without a berth structure. In addition by with considering an
open type berth struture on noncohesive sediment beds owing to a submerged horizontal
propeller jet has been investigated. Within the context of this study, there is an
extensive amount of experimental data by considering different conditions such as;
changing diameter, gap, and speed of propeller on different sediment bed materials.

2.1.2 Berthing and Unberthing Operations

Generally ships are primarily designed and built for the open ocean, and therefore
dramatic changes can occur in a ship’s response characteristics in shallow water.
Safemaneuvering, berting and/or unberthing in confined waters require adequate design
and layout of navigation channels, harbors, berth structures. In addition, it is a a must to
have a comprehensive understanding of propellers and their working principles.
(Thoresen [29]).

The total navigation operation ranging from arrival to departure can be sub-divided into
following operations (Thoresen [29]) ;
e Arrival at the outer harbor basin,
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e Preparation for berthing, maneuvering and pre-berthing procedures in the harbor
basin,

e Berthing including mooring etc., to the berth structure,

e Loading and unloading operations when at berth,

e Unberthing from the berth structure,

e Departure from the harbor basin.

Water depth in front of and alongside the berth is one of the important design
characteristics which for safe berthing and unberthing operations. The water depth
should be based on the maximum loaded draft of the maximum ship design and must be
determined by taking the following factors into consideration:

e draft of the maximum loaded ship,

e tidal variation,

e movement of the ship owingto the waves,
e trim due to the loading of the ship,

e squat,

e atmospheric pressure,

e character of the bottom,

e wrong applications in dredging.

The gross underkeel clearance shown in Figure 2.1 must be designed to allow the
waves, trim, squat etc., in addition to a safety margin for unevenness of the bottom
(Thoresen [29]).

Stil Water Level (SWL) at lowest tide

Admissible draft

(including allowance for density change)

Vertical ship movement due to squat, wave, trim and
atmospheric pressure Gross underkeel
clearance

Seabed level Net underkeel clearance

Sounding accuracy

Allowance for sediment deposit between
maintanence dredging operation

Dredgec Jevel Dredging tolerance

i

Figure 2.6 Components of depth (Thoresen [29])
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Squat for the reduction of underkeel clearance, is due to the suction effect induced by
the higher current velocity between the sea bottom and the ship. This causes a reduction
in the water level near the the ship and ship therefore sinks bodily into the water. The

longer/larger a ship is and faster it goes, the squat increases (Thoresen [29]).

Maneuvering during berthing and unberthing of a ship generally be done in one way or

in a combination of the following ways;

a) by using the ship’s own engine, rudder, bow thruster and / or the ship’s anchor,

b) with the assistance of only one or more tugboats,

¢) by using the ship’s own anchor, and with the assistance of one or more tugboats,

d) with the use of bert or land-based winches, and with the assistance of one or
more tugboats,

e) with the use of mooring buoy, and with the assistance of one or more tugboats.

Berthing and unberthing operations are done after one of the cases; (a), (b) and (c)
stated above. The decision where the arrival and the berthing operation should start, and
where the required number of tugboats should meet and assist the ship to the berth, must
be carried out by the local pilot or the port captain together with the ship’s captain
depending on the weather conditions, or according to the factor whether the ship has a
bow thruster or not etc. Pilotage must be compulsory for all the gas and oil tankers and

large ships (Thoresen [29]).

2.1.3 Erosion During Berthing and Unberthing Conditions

Erosion can occur near berth structures owing to natural currents and also berth
structures which are vulnerable to erosion caused by vessels’ propeller actions.
Especially during berthing / unberthing, eroding forces on the seabed in front of the
berth or on the slope under the berth can be substantial. An operating propeller of a
vessel is a main eroding factor owing to the current velocities which can reach up to 8

m/sec near the bottom. The propeller currents are due to (Ghose and Gokarn [30]):

e The main propeller,

e The transverse thrusters located at the bow and / or stern.

The most severe erosion impact near the berth structure can usually be due to the main
propeller or transverse thrusters. Impacts such as bottom erosion from the ships’ main

propeller are caused by on many factors. Ships are designed and built by taking these
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factors into consideration: the propeller’s closest position to the bottom, the ship’s

loaded condition at the lowest tide (Ghose and Gokarn [30]).

The impact area of the main propulsion system and thrusters (bow and stern) depends

on the stage of the unberthingmaneuver, position of the vessel, as seen in Figure 2.7.

Navigation Channel

Stern thiusterand .~/
main propeller !

induced erosion

Stern thrusterand } "~
main propeller i
induced erosion

Figure 2.7 Illustration of possible berthing/unberthing operations (PIANC [28])
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CHAPTER 3

PROPELLER JET MECHANISM

Propeller induced scour problems have been investigated experimentally using physical
models by many researchers such as; Blaauw and Van de Kaa [1], Bergh and Cederwall
[31], Verhey [23], Schokking [32] and Lam et. al. [4], Yiiksel et al. [33]. Most
investigations have been carried out with circular wall jet instead of propeller jets to
avoid the complexity flow around the propeller in the first place. This chapter is an

introduction to circular and propeller jet flow mechanisms.

3.1 Jet Diffusion Mechanism

The term ‘jet” in this context means a continuous stream of a fast moving fluid being
discharged from some type of a nozzle (Tsinker [34]). In general, the following two-

dimensional and / or three-dimensional jet forms can be considered as;

e downstream of hydraulic structures,

e equalizing water levels in locks,

o spillways,

e downstream of spurs in a river,

o diffusors,

o propeller jets of ships.
Horizontal two-dimensional flows are considered as the flows under barriers or gates
which are infinitely, i.e. sufficiently wide (Figure 3.1). The jet form depends on a
number of factors such as submergence, flow and turbulence patterns (Hoffmans and

Verheij [35]).
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Figure 3.1 Different forms of jets (Hoffmans and Verheij [35])

3.1.1 Velocity Distribution of a Jet

Jet flow can be divided into two distinct regions (Albertson et al. [21]), namely a
potential core and a diffused jet. Albertson et al. [21] classified diffusion under jet
conditions into two categories called the zone of flow establishment (ZFE), and the
zone of established flow (ZEF) as seen in Figure 3.2 (Situ et al. [37]). The velocity
profile of a submerged water jet from an orifice varies also according to Gaussian
normal distribution at each cross section (Figure 3.2). In the zone of flow establishment,
the maximum velocity is constant while the lateral distribution is expanding. The region
with constant maximum velocity has a pronounced potential core. The lateral section of
potential core is contracting due to the turbulent mixing between the core and the
surrounding fluid. In the zone of established flow, the maximum velocity starts to decay
along the rotation axis. In this zone, the entrainment of the surrounding fluid is balanced
by reduction in the jet velocity. In addition, the water jet isaxisymmetrical with the

entire jet being mirrored about the central axis (Lam et al. [4]).
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Figure 3.2 Schematized representation of a diffusing jet from an orifice (Albertson et
al. [21])

3.1.2 Velocity Distribution of a Propeller Jet

Gaythwaite [36]’s proposed the velocity prediction within the ship’s propeller jet as the
initial step to investigate the scouring made by the propeller jet. A rotating ship
propeller generates a turbulent jet, with axial, radial, and tangential velocity
components. The velocity distribution also differs from any other types of jets (Figure
3.3).

Ur ;..—\

Us G (0,0,0)
Traverse home position

Figure 3.3 Schematic view of the velocity component of a propeller (Hamill et al. [38])

The velocity distribution of propellers differs from any other types of jets. The velocity
distribution as the low-velocity core due to the hub on the propeller axis line, and the
magnitudes of the velocities increase with the radial distance seen in Figure 3.4 (Hamill
etal. [3]).
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The cross-sectional velocity distribution of a propeller within the zone of ZFE has two-
peak ridges as seen in Figure 3.3. In the ZEF mean axial velocity profile defined as a
Gaussian normal distribution and the maximum velocity is constant while the lateral

distribution is expanding (Lam et al. [4]).

Propeller s =

Dpé

I

Figure 3.4 Velocity distribution induced by a propeller jet (Lam et al. [4])

Zone of flow establishment Zone of flow establised

where r is the radial distance from the axis, Ua is the axial velocity and X is the axial
distance from the propeller’s face.

Lam et al. [4] have proposed that the efflux velocity which is the maximum velocity at

the face of the propeller jet tends to decrease along the longitudinal axis (Figure 3.5).

Efflux
velocity

Velocity: m/s

-0.08 -0.06 -0.04 -002 O 0.02 0.04 006 0.08

Distance along face of propeller: m

Figure 3.5 Velocity distribution of 76 mm diameter propeller at 100 rpm (Hamill et al.
[31)

PIANC [28] defined the tip vortex of a propeller jet (as seen in Figure 3.6) in a higher

turbulence level and a shorter length of the ZFE with a wider radial spread compared to

free jet.
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Figure 3.6 Tip vortex sheet cavitation of a four-bladed propeller (Faltinsen [39])

Petersson et al. [40] also defined some dimensionless numbers, such as Froude number,
Reynolds number, Weber number, tip vortex number which are the ratio of axial flux of
linear momentum and angular momentum for the characteristics of a vortex jet

produced by the propeller (Situ et al. [37]).

A propeller jet can be analyzed globally and locally using the axial momentum theory

and blade element method (BEM), respectively (Lam et al. [41]).

The axial momentum theory is widely accepted by researchers to describe the
characteristics of the propeller jet with neglecting the vortex jet flow behind the

propeller.

Lam et. al. [4] used axial momentum theory with the general assumptions given below;

o propeller is considered as an ideal actuator disc of equivalent diameter,
e One-dimensional analysis,

¢ the disc has an infinite number of blades rotating at an infinite speed,
¢ the thickness of the disc is negligible,

e the fluid is considered ideal fluid and there is no rotation in the fluid,

e there is an unlimited inflow of fluid to the disc.

The propeller is regarded as an ideal actuator disc that generates the thrust (T) as

schematized in Figure 3.7.
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Figure 3.7 Propeller’s slip stream by an actuator disc model (Lam et. al. [4])

In the figure, Ua is the inflow flow velocity (advance velocity) far upstream at point A
is assumed equal to ship velocity, Us is the inflow flow velocity at the actuator disc, Uc
is through-flow at the actuator disc, Up is through-flow velocity far downstream at

point D.

The propeller depicted in Figure 3.7 is an ideal actuator disc and the fluid is passing
through the disc. From point A to B; pressure drops gradually from (Pa) hydrostatic
pressure to the Ps. The pressure increases (Pc) suddenly at the actuator disc and then
gradually decreases again until the preasure reaches the (Pp) hydrostatic pressure at

point D which is far from the disc (Lam et. al. [4]).

The actuator disc depicted in the Figure 3.5 imparts pressure increase considered as an
energy supplier to the system and as a result of this, Bernoulli’s equation does not apply
between point B and C. If the total power supplied from the propeller (actuator disc) is
written as the kinetic energy (KE) increase of the fluid per unit time;

2 2
KE =m w (3.1)
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By applying to the Bernoulli equation just from the near of the disc at point C too far
from the disc at point D and from point A to B (for the same hydrostatic pressure at
point D and A; Pp= Pa);

PC+%-p-Ujisc =PD+%-p-Ué (3.2)

PB+%-p-U2 =PD+%-p-Ui (3.3)

Equation (3.2) and Equation (3.3) considered together is as follows:

1
Pc'PB :EP(UZD_U,ZA) (34)

The propeller thrust defined is given as;

T=A s - (Pc-Pg)
1 (3.5)
T= 3 PA 4. (Up-UZ)

where T is the propeller thrust, (P.-Pg) is the pressure rise across the actuator disc

representing the propeller, p is density of the fluid, Adisc is the area of actuator disc, Up,

Ua are the velocities at sections A and D.

The forces and moments produced by the propellers are expressed by Carlton [42] in
their most fundamental form in terms of a series of a non-dimensional characteristics.
The non-dimensional terms used to express the general performance characteristics are

given as follows.

-
C; = 2~ 4

pn°D,

T
o= ntD

P (3.6)
) = e

nDp

Pa+pgh_pv
Oy =—"""C 1z

0.5pU7

where Cr is thrust coefficient, Kq is torque coefficient, J is advance coefficient, Ua is

the speed of the ship (advance speed), o,is cavitation number, n is rotational speed

(rpm), Dy is the propeller diameter, p is density of the fluid, pyv is the vapor pressure

77



somewhere on the propeller surface, pa is the atmospheric pressure and hydrostatic
pressure at a given instantaneous position on the propeller.

Hence, Tsinker [34] proposed the thrust (T) proportional to; p, Dp, Ua, n, L,
P, +pgh-p,,

P h-
T:pnsz4'( UAJ.( l"l 2][ a+ng 4pVJ (3.7)
nD, ) | pnD, pn°D,

the non-dimensinal groups given in Equation (3.7) are written as;

_ T
- anDp4
UA
nD,

CT

(3.8)
anp2
1)
— Pa +pgh'pv
° 0.5pn’D?

Re=

where Re is Reynolds number, p is dynamic viscosity of fluid, Ct is proportional to

dimensional parameters and expressed as a function of J, Re and ¢,. Propeller thrusts

are defined in Equation (3.5) are also written as;

T=C.pn°D,’ (3.9)
According to Verhey [23], using the momentum change caused by the propeller and the
condition of mass conservation, total unit thrust can be expressed as:

For a free propeller;

T

T= 8pD§U§, (3.10)
For a ducted propeller;
T

T=ZpD§u§, (3.11)

In the case, during maneuvers of ship, the speed of the ship is very low, the influence of

the ship on the propeller slipstream is very small, that is why the ship is assumed to
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have zero speed of advance (Blaauw and Van de Kaa [1]) since Equation (3.6),

Equation (3.9) and nD?/4=A , resultin;
2 4 1 2 2
CTpn Dp =Epp‘disc(UD_UA)
U =§CTn2Dp2 (3.12)

T
U, =1.59nD,/C,

The exit plane of a propeller flow (Up) is called the efflux velocity (Uo) seen in Figure
3.8. This initial plane in front of the propeller is where the velocities within the jet are at
a maximum (Lam et al. [41]). The predictions of the velocity can be done by using
several semi-empirical equations. Knowing the efflux velocity is the pre-requisite to
predict the downstream diffusion through these semi-empirical equations. Theoretical
development of equations used to predict the efflux velocity of a propeller wash is
based on the axial momentum theory shown in Equation (3.12) and has widely been
investigated by several researchers such as PIANC [28], Hamill [7], Hashmi [13], Lam
et. al. [4].

Equation (3.13) is the theoretical equation used to predict the efflux velocity of a ship’s
propeller. This equation is derived from axial momentum theory with the assumption of
zero advance speed for the case of a ship as maneuvers (Fuehrer and Romish [22]).

U, =1.59nD,\/C, (3.13)

However, Hamill et al. [3] found the core assumption of axial momentum theory
inadequate for describing the process involved in the formation of a propeller jet.
Equation (3.13) was developed for the maneuvering conditions of a ship by several

researchers taking the geometric characteristics of the propellers into consideration.
WL

Draught,

Um“\ Jet axis h

Keel
clearance

Sand Bed
Figure 3.8 Velocity distribution induced by a ship’s propeller (PIANC [28])
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Blaauw and Van de Kaa [1] presented an emprical equation for the case with no values
are avaible for the number of revolutions and / or the thrust coefficient Cr as,

f,P

UO :CS 2 (314)
pD;

where; Cz is coefficient, f, is percentage of installed engine power, P is maximum

installed engine power. Cs is 1.17 for ducted propeller and 1.48 for free propeller.

Hamill [7] proposed an equation vis-a-vis efflux velocity with a lower coefficient for

experimental investigation conducted with plain water jet (Lam et al. [24]).

U, :1.33nDpJCT (3.15)
Stewart [12] suggested this equation in a more general form as;
U, =¢nD,[C, (3.16)

where the efflux coefficient defined as ¢ is expressed as;
P 1.519
— D 0o0sss | T Q0323 3.17
s=D, (Dp J B (3.17)

where B is blade area ratio and (P/Dy) is the pitch propeller diameter ratio.

Hashmi [13] refined the efflux velocity equation by non-dimensioning the propeller
diameter (Dy), dividing by the hub diameter (Dn);

U,=E,nD,/C, (3.18)
where,
-0.403
EO — |:D_p:| . CT—1.79 . B0.744 (319)
h

Tsinker [34] also derived this equation for an open and ducted propeller as;

For a free propeller;

U,=16n Dp«/CT (3.20)
For a ducted propeller;
U,=1.1n Dp«/CT (3.21)
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PIANC [28] also suggested efflux velocity equation derived as;

UO=0L n Dp\/(TT

(3.22)

where o is coefficient and general value of o is defined as 1.6 whereasvalues for Ct can

be derived from the Wageningen B- and K- series for propellers which are ship specific.

Table 3.1 Lists proposed efflux velocity equations by researchers in the literature.

Table 3.1 Equations used for the calculation of efflux velocity

Researchers

Equations

Fuehrer and Romisch

[22]

U, =1.59nD,,/C,

Blaauw and Van de

for a ducted propeller;

fp
U, =117 2
pD,

for a free propeller;

Kaa [1] U. =148 f,P
0 st
Hamill [7] U, =1.33nD,/C,
1.519
Stewart [12] U0 = gnDp\/a c= Dp—0.0686 [DLJ _Bo.323
p
U, =E,nD,C;
Hashmi [13]

D -0.403
EO — |:D_P:| . CT—1.79 . B0.744

h

Tsinker [34]

for a free propeller;

U,=16n Dp\/a

for a ducted propeller;

U,=1.1n Dp\/a
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Table 3.1 Equations used for the calculation of efflux velocity (cont’d)

i =1.261-0.974 {E} +0.733[E} +18.53{t5“ﬂ} +5.028 {ﬁ}
Nnr r r r r

Hamilletal. [3] 1 106['0}2 7 277{ﬂ}2 4 093[3}2
. . 093] &

T :
U,=E,nD,/C,

Eo varies between range 0.89-1.71 as defined in detailed (Table

Lam et al. [24] 1.17) based on propeller dimensions and charactercitcs of
propellers.
Hamill et al. [38] U, =1.22n"*D)*CT*
U, = omDJCT
PIANC [28] for Wageningen B- and K- series for propellers o =1.6.

In the table, h: is helical distance from the blade’s leading edge to the position of
maximum thickness, hq is helical distance from the blade’s leading edge to rake datum
line, P is pitch of propeller blade, tsection thickness of the section, r is radial distance from

the propeller axis.
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CHAPTER 4

SCOUR MECHANISM

Scour that is formed by the impact of the hydraulic structure on the flow and just around
the structure is called local scour (Balachandar and Prashanth [43]). In this chapter local
scour mechanism induced by propeller jet around a vertical pile - as a hydraulic

structure - is described.

4.1 Scour Mechanism

The type of local scour is classified according to the mode of sediment transport in the

approaching flow as (Sumer and Fredsee [44]);

e clear water scour: occurs when sediment is removed from the scour hole but not

supplied by the approaching flow,

¢ live (mobile) bed scour: occurs when there is a general sediment transport by the
approaching flow.

Different parameters such as; water depth, flow velocity, time, sand grain size,

obstruction size and shape etc. are effective on the local scour mechanism.

4.1.1 Scour Mechanism Induced by Jet Diffusion

The scour hole formation by various forms of jets can destabilize a hydraulic structure
in the immediate vicinity of the jet. Balachandar and Prashanth [43] gave the definition
sketch of the scour hole geometry owing to two-dimensional jet diffusion jet as shown

in Figure 4.1.
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Water
Sand bed

Suspended sand

Figure 4.1 Demonstration of a local scour cycle a) scour begins b) digging stage

c) digging continues d) maximum digging e) filling phase g) maximum fill
h) recurranceof a digging stage (Balachandar and Prashanth [43])
The jet exits the nozzle or the sluice gate, interacts with the bed and the scouring action
takes place. This is usually called the diggingstage. During digging stage, the jet is
directed towards the bed and a hole is formed with a deposion mound just downstream
of the scour hole. The scouring process is very rapid in this phase. The surface jet
impinges on the mound region and some of the sediment deposited on the mound falls
back and refills the scour hole. The jet suddenly flips back towards the bed and once
again causes rapid digging of the bed with lifting of the bed material into suspension.
The free surface is not wavy during the rapid digging process. An intermediate hump is
formed in the scour hole. In time, the jet is once again directed towards the free surface
and refilling occurs. The alternate digging and refilling occurs only at low tailwater
depths (Balachandar and Prashanth [43]).

4.1.2 Propeller Jet Induced Scour Mechanism

The mechanism of scour induced by an offset jet or a propeller jet, particularly the
latter, is highly complex. The schematic diagrams of the flow field caused by an offset
and a propeller jet are illustrated in Figure 4.2 (a) and Figure 4.2 (b), respectively.
Because of the structural difference between these two types of jet, the velocity

distributions of the resulting flow fields also are different as mentioned in Chapter 3.
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For an offset jet flow, only single - peak exists in a given vertical velocity profile. Both
the magnitude of the maximum velocity and the vertical position decrease with

increasing distance from the jet.

In contrast to an offset jet, a propeller jet induces a double - peak velocity profile
immediately downstream of the propeller. The double - peak velocity profile changes to
a single - peak profile as one moves away from the propeller, as illustrated in Figure 4.2
(b). Similar to that found in an offset jet flow, the value of the maximum velocity and

the vertical position also decrease with distance from the propeller.

(a)

Cross-sections

Bemax

1
1
1
'Centreline

-

Lsmax

Figure 4.2 Definition sketch of the scour by a) an offset jet b) a propeller jet (Chiew et
al. [45])

In the figure, Ssmax iS the maximum equilibrium scour depth, Lsmax iS maximum
equilibrium scour length; Bsmax is the maximum equilibrium scour width; Uo is the
efflux velocity, Do is the diameter of the jet, Dy is the diameter of propeller, G is the

gap of the propeller, h is the water depth.

4.1.3 Scour Mechanism Around a Circular Pile

Sumer and Fredsee [44] suggested that the nondimensional Reynolds number given in
Equation (4.1) be used for the description of a flow around a smooth circular cylinder.

Some flow regimes are summarized in Table 4.1.

The non - dimensional quantities describing the flow around a smooth circular

cylindrical pile depend on the cylinder Reynolds number that is given below.

Re, =% 4.1)
|0)

pile
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where U is the flow velocity, d is the diameter of the cylinder and v is the kinematic

viscosity.

Table 4.1 Flow around a cylinder in steady current (Sumer and Fredsee [44])

No Seperation Flow

Rep <5
Creeping Flow
A Fixed Pair of
5< Rep <40
Symmetric Vortices
Laminar Vortex Street 40 <Re, <200

Transition to Turbulence in the Wake | 200 <Re, <300

Wake Completely Turbulent. 300 < Re, <3.10°

A:Laminar Boundary Layer

Separation Subcritlcal
A:Laminar Boundary Layer
Separation 3-10° <Re, <3.5-10°
B:Turbulent Boundary Layer Critical (Lower
Separation; but Boundary Layer Transition)
Laminar
B 5 6
N B: Turbulent Boundary Layer 35-10° <Re, <1.5-10
w"ﬁ Separation; the Boundary Layer
. R Partly Laminar Partly Turbulent Supercritical

6 6
C: Boundary Layer Completely 1.5-10" <Re, <4-10

Turbulent at one Side Upper Transition

C: Boundary Layer Completely 4-10° <Re,

Turbulent at two Sides Transcritical
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The flow pattern around a cylindrical pile is characterized (Van Rijn [46]) as follows:

o water surface roller in front of the pile;

downflow in front of the pile;

vortex - shedding in separation zone;

wake flow downstream of the pile;

¢ generation of horseshoe - vortices in the scour hole.

//_‘
surface roller j""—@
/ ) ’ QV Q—‘V wake vortex
—_—
downflow

/
i = oW Rt /
a0 e
'3‘/‘“_/1} i e

3 p‘ _/——::’” 'séqu:r hole .
| ”POD/O s
/// / / [\\\\\\\ houseshos i

. sedlment bed

Figure 4.3 Flow pattern and scour around a pile (Van Rijn [46])

The pile structure causes local flow accelerations and vertical downflow at the face of

the pile due to the jet flow’s impinging onto the pile.

The flow pattern (see Figure 4.3) and mechanism of scouring are very complicated, and
the complexity of flow increases with the development of the scour hole. The basic
mechanism causing local scour around the pile is the down - flow at the upstream face
of the pile and the formation of the horseshoe vortex at the base of the pile. The down -
flow is believed to be the primary cause of scour. The horseshoe vortex that develops
due to the separation of flow at the edge of the scour hole upstream rolls to form a
helical flow. Separation of the flow at the sides of the pile also creates so-called wake
vortices (Akib et al. [47]).

Sumer and Fredsee [44] investigated the regimes of flow around smooth, circular

cylinder in steady current. They classified the flow regimes in Table 4.1 by using
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nondimensional Reynolds pile number with Equation (4.1). In this study Repile, Rep and
Rer range from 2.84 10* to 25.06 10% 1.10 10* to 6.46 10* and 4.65 10* to 23.24 10%,
respectively. As seen in Table 4.1, experimental tests with the existance of pile have
laminar and turbulent boundary layer separations for critical and supercritical regimes
of flow (Figure 4.4).

Laminar separation

in suberitical regime Turbulent separation in
supercritical regime

Hi

Figure 4.4 Positions of separation points at critical and supercritical regimes (Sumer and
Fredsee [44])

Separation of the flow at the sides of the pile also creates so - called wake vortices.
Sumer and Fredsee [44] stated that two unstable pairs of vortices were formed when
exposed to the small disturbances for Reynolds numbers Repie > 40. Figure 4.5 (a)
shows that the larger vortex A becomes strong enough to draw opposing vortex B. The
approach of vorticity of the opposite sign will cut off vortex A from its boundary layer.
Thus being a free vortex, Vortex A is the convected downstream by the flow. Then in
Figure 4.5 (b) a new vortex is formed as Vortex C. Vortex B now plays the same role as
Vortex A. This process continues each time a new vortex is shed at one side of the

cylinder.

(a) ®)

Figure 4.5 (a) Prior to shedding Vortex A, Vortex B is being drawn across the wake (b)
Prior to shedding vortex B, vortex C is being drawn across the wake (Sumer and
Fredsee [44]

These vortices are formed as unstable and shed disorderly from each side of the pile. As
a result they act as small tornadoes lifting the sediment from the bed to form a scour
hole downstream of the pile and cause scouring downstream section of the cylindrical

pile.
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CHAPTER 5

EXPERIMENTAL STUDY

When designing and building hydraulic structures, the dimensions of a local scour hole
must be known very well becausethese structures could collapse and fall into their own
scour holes. To understand the local scour damage on cohesionless sediment bed
induced by propeller jet conditions is an important challenge due to the highly turbulent
flow area. The main characteristics of bed material such as particle size, shape and flow
velocity, water depth etc. have an affective role on transportation and deposition of bed
material. The aim of this chapter is to understand these scour characteristics with scour
profile measurements under changing conditions such as different bed material sizes
and heights of the propellers etc. For this aim, a laboratory flume was built and the

detailed descriptions aregiven below.

5.1 Experimental Setup / Flume

The experiments were carried out in a rectangular laboratory flume, in which all the
sides were made of glass with a total length of 6.02 m, width of 1.42 m, and a height of
1.1 m, at the Hydraulic and Coastal Engineering Laboratory of the Civil Engineering

Department at Yildiz Technical University (Figure 5.1).
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Figure 5.1 View of the experimental setup

A 0.2 —m - deep, 1.56 — m - long, and 1.42 — m - wide sand bed was laid at the bottom
of the working section. The sand bed was held in place with false floors on either side
ensuring the sand bed was leveled. A cylindrical pile was placed at the working section
of the flume. The flume was slowly filled to a height (h) of 0.50 m water above the bed
in two hours vith a three cm diameter water pipe. Water was filled to a depth 0.5 m, and
a sand bed with a thickness (t) of 0.2 m was laid at the bottom of the flume. In addition,
two by-passes consisting of rectangular pipe lines of 10 — cm - wide and 1 — cm - high,
were constructed under the sediment bed on both sides of the flume. Thus, water piled
up at the end of the flume due to continuous flow of propeller jet was returned back
through these pipes without disturbing the scouring area. Figure 5.2 and Figure 5.3
show the longitudinal cross - section and plan view of the experimental setup,
respectively.

I
Limnimeter H

100, 1850 100 1200 100, 1900 100,
6030

Figure 5.2 Experimental setup in mm (Longitudinal - section)
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Figure 5.3 Experimental setup in mm (Plan view)

All tests were conducted by using different parameters and other operational variables

(shown in Figure 5.4) considering the previous literature (Chin et al. [27], Lam et al.
[4], Chiew and Lim [2], Lam et al. [41], Yiiksel et al. [33]) as follows:

Gap of the propeller (G):

Centerline of the propeller adjusted with the controller 10, 15 and 20 cm above
the undisturbed bed,

Propeller diameter (Dp):

Three different submerged Wageningen - B series propellers with diameters
(Dp) 6.5, 10 and 13 cm were used,

Speeds of propeller rotations in terms of revolutions per minute (rpm):

40, 45 and 50 Hertz propeller (approximately 590, 670 and 745 rpm) were
tested,

Pile diameter (do):

Three different piles with diameters (do) of 4,10 and 13 cm were used,
Horizontal distance from the face of propeller to the pile (X):

Pile was located 10, 20, 30 and 40 cm away from the propeller,

Sediment bed material size (dso):

Four different sediment bed material sizes of dsp=0.52, 1.28, 4.00 and 8.30 mm

were used.
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SWL do

False Floor

—ISandBed =y

Figure 5.4 Schematic view of the experimental setup

The propeller shaft was placed onto a plexiglass box system as shown in Figure 5.5, and
this setup allowed the variation of the impingement distance between the propeller and
the pile location (X). The level controller was also added to this plexiglass box system
to adjust the distance between the propeller shaft and the sand bed (G).

AGM 80 - 8b series motor designed at a rate of 0.29 kW produced by GAMAK
company was fitted at the upper part of the plexiglass box system to rotate the
propellers with a belt system. The propeller’s operation speed (in rpm) was controlled
by a frequency regulator and it was set to 40 Hertz, 45 Hertz and 50 Hertz to obtain 590
rpm, 670 rpm and 745 rpm propeller speeds. Rotational speeds were controlled by
measurements of speed meter during the experiments of each test. Measurements had +
10 rpm differences in the propeller’s speed. Thus, speed meter measurements were
taken into consideration for the propeller speeds that were nearly 590 rpm, 670 rpm, and
745 rpm. Belts were used to rotate the propeller between the motor and the propeller
shaft. Once the motor was switched on, it transferred the torque force with belt system
in the box to rotate the propeller. (Figure 5.5).

92



Propeller level contro] s

Engine

Plexiglass box

sy

Timing belt
pulley

e

Timing belt

Gasket
ball bearin,
face seal H
z Propeller q

Figure 5.5 Schematic view of the plexiglass box system

5.1.1 Propeller Characteristics

Converting the torque of a shaft to produce axial thrust is the main principle of a
propeller’s working system. A propeller can be defined as a mechanical device formed
by two or more blades that spin around a shaft and produces a propelling force as seen
in Figure 5.6. There are several technical terms to define the propeller’s characteristics
such as; diameter, pitch, disc area relation, hub, blade area ratio etc. All these
characteristics are calculated to design the optimal propeller accordingly, to meet the

specific needs.

Figure 5.6 General view of a propeller (Faltinsen [39])

Propeller blades attached directly to the shaft with a central hub are seen in Figure 5.7

where; ry is the radius of hub and Dy is the diameter of the propeller.
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Figure 5.7 View of the propeller a) back view b) face view (aft side)

Pitch is one the important characteristics of a propeller defined as displacement of a
propeller in a complete spin of 360 degrees assuming there is no ‘slippage’ between the

propeller blades and the water as seen in Figure 5.8.

: -

“‘e"’zf“‘:al > Direction of

bl lad ’f ship travel

—— — ) _'
Propeller rotation
slip actual distance traveled
—Pp— i one revolution
ideal travel distance for

one revolution (pitch)

Figure 5.8 Travel path of a propeller’s blade in one revolution [48]
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Pitch angle of a propeller blade, also defined as the relative direction of water flow
across the blade, and the angle - of - attack between the propeller chord line and the

water flow vector are as shown in Figure 5.9.

direction of ship travel
A

propeller rotation chord line

angle of attack{e)

" relative direction
of water flow

pitch angle (&)

Figure 5.9 Propeller’s pitch angle and angle of attack [48]

Fixed - pitch propellers (FPP) are permanently attached to the hub. Thus the position of
the blades the position of the pitch are permanently fixed and cannot be changed.
However, some propeller have adjustable blades and it is possible to alter the pitch by
rotating the blade on its vertical axis and this is called controllable - pitch propellers
(CPP). Another type is contra rotating propeller (CRP) referred to an installation in
which two propellers are attached to the same motor with one mounted just behind the

other.

Blade shape is one of the most important characteristics of the propellers. Four basic
areas describe the propeller blade shapes. These are the projected area, the developed
area, the expanded area and the swept area. The projected area of the propeller is the
area seen at the front sideof the shaft axis as shown in Figure 5.10 as A, (Carlton [42]).

The area from tip to tip blade is called the propeller disc area (Adisc). The expanded area
(Ag) of the propeller is obtained by considering different circular cylinders with axis
coinciding with the propeller shaft axis.The developed area (Ap) is related to the
projected area in so far as it is a helically based view, but the pitch of each section is
reduced to zero as seen in Figure 5.10 (AB Volvo Penta [49]).

In general, the expanded and developed areas are approximately equal and the
developed area is greater than the projected area. However, the developed area is
slightly smaller in size than the expanded area (AB Volvo Penta [49]).
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Blade area ratio (BAR) is simply calculated with the projected, developed or expanded

blade area divided by the propeller disc area Ao.

As _4A,
2

Adisc n-D p

Ao _4-As | pag

Adisc TED p

Ac _4A

Adisc TE'DZp

/Leading Edge

(5.1)

Expanded area

Ag
R ¢ Projected area ;
N N
47

s = \ ]
N s i 4

4
\

\ MAp Developed area

-
-

Figure 5.10 Characteristic propeller areas (Carlton [42])

5.1.2 Propellers Used in the Experiments

The present study was conducted by using three different Wageningen - B series

propellers. The three fixed pitch propellers (FPP) used in the experiments are referred to

as Propeller -130 mm, Propeller - 100 mm, and Propeller - 65 mm according to their

diameters (Dp) as in Figure 5.11.

Figure 5.11 Geometry of four bladed propellers used in the experiments

The propeller hub was fitted to a stainless steel shaft to allow the rotation at bollard pull

condition (Ua=0) as presented in Chapter 3.
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A propeller in a ship rotates in ‘clockwise’ direction. In this study, two of the propeller
(Propeller - 65 mm and Propeller - 130 mm) viewed from the aft (of the the propellers)
rotate in the clockwise and the third propeller (Propeller - 100 mm) rotates in the

counterclockwise direction.

The propeller computational geometry was designed by using HydroComp 2005 (3D) as

seen in Figure 5.12.

(a) (b) (©)

Figure 5.12 Propeller’s computational geometry a) Propeller - 65 mm b) Propeller - 100
mm c) Propeller - 130 mm

Expanded areas were calculated for each propeller and design drawings - profile view,

pitch distribution, transverse view, expanded view - were given in Figure 5.13, Figure

5.14, Figure 5.15, respectively.

Table 5.1 lists the detailed characteristics of the propellers used in this study.

Table 5.1 Characteristics of the propellers used in the present study

Propeller- 65 mm | Propeller-100 mm Prop(;l]lr?]r-130
, Wageningen B Wageningen B Wageningen B
Propeller’s type Series Series Series
Material Brass Brass Brass
Pitch Type of the Blade FPP FPP FPP
Propeller Diameter (Dp) 65 mm 100 mm 130 mm
Propeller I(—IDuht; Diameter 7 mm 10 mm 14 mm
Direction of Rotation Right-handed Left-handed Right-handed
Blade Number (N) 4 4 4
Section Pitch (P) 91 mm 140 mm 180 mm
Pitch Diameter Ratio
(P/Dy) 1.4 1.4 1.4
Expanded Area (Ag) 23.12 cm? 52 cm? 89 cm?
Propeller Disc Area (Adisc) 33.18 cm? 78.54 cm? 132.73 cm?
Blade Area Ratio (BAR) 0.7 0.7 0.7
Thrust Coefficient (Ct) 0.61 0.61 0.61
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Thrust coefficients (Ct) are also given in Table 5.1 for each propeller (Propeller - 65 mm,
Propeller - 100 mm and Propeller - 130 mm). Cr is defined from typical open water diagram
for a set of fixed pitch propellers working in a non cavitating environment as shown in
Figure 5.16. This figure defines, for the particular propeller, the complete set of operating
conditions at positive advance and rotational speed, since the propeller under steady
conditions can only operate along the characteristic line defined by its pitch propeller
diameter ratio P/Dp. Ct values for the propellers taken from the diagram for the smallest
value of advance coefficient (J) according to assumption of bullard pull conditions (Ua=0)
and the value of 1.4 of pitch diameter ratio (P/Dp). Prosser [34] recommended that at zero
speed of advance the values of Cris equal to the function of f(P/Dy) as given in Table 5.2.

Table 5.2 Thrust coefficient (Ct ) as function of propeller pitch/diameter ratio (Carlton [42])

P/D, 0.6 0.8 1 1.2 14
Cr(Opened) | 026 | 037 | 048 | 057 | 054

Cr (Ducted) 0.24 0.37 0.51 0.67 0.82

Propeller pitch / diameter ratio for 1.4 gives 0.54 thrust coefficient according to Table 5.2. In
the present study, thrust coefficient was found as 0.61 by using Figure 5.16 for the
propellers with P / Dy with 1.4 that have similar values as given in Table 5.2.

\I‘.‘M oo |

x

'

‘ \

\‘x -
S

Figure 5.16 Open water diagram for Wageningen B5 - 75 screw series (Carlton [42])
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5.1.3 Sand Bed Characterictics Used in the Experiments

Different types of sediment bed materials were used to test the evaluation of scouring
processes under propeller jet mechanism in this experimental study. All the tests were
conducted by using four uniformly distributed sediment beds as Material 1, Material 2,
Material 3, and Material 4 with median grain sizes of dsp = 0.52 mm, 1.28 mm, 4.00 mm,
and 8.30 mm, respectively (Figure 5.17).

@

(a)

Figure 5.17 Sediment beds (a) Material 1 (b) Material 2 (c) Material 3 (d) Material 4

It is practically impossible to take ‘undisturbed’ samples from the sediment bed, a problem
similar to that experienced by Sumer and Fredsee [44] so, it was assumed that the sediment
was as the dense sand with properties shown in Table 5.3. Determination of the
characterictic properties of the materials were conducted in the Geotechnical Laboratory of
Civil Engineering Department, at Yildiz Technical University. Summarized characterictics

of bed materials are given in Table 5.3.

The relative density of compaction (Dr) of sediments was calculated from Equation (5.2)
with the determination of maximum and minimum voids as listed in Table 5.3, with Yg; dry

specific weight of sediment, ¢ =/d,,/d,, ; geometric standard deviation of the sediments, and

des and dis are the effective grain sizes with 84% and 16% passing on the cumulative
particle size, respectively. These values were obtained through the same method as obtained
by Sumer et al. [50]. The void ratio of the sediment was obtained by filling the sand in a
mound of known volume in the same way as in the working section (the sediment depth in
the mound was exactly the same as in the actual experiments, i.e., 20 cm). Then, the sand
was left for a duration equal to the duration to fill the entire working section and

subsequently the void ratio was determined.

D, = —omax € (5.2)
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where Dy is the relative density of compaction, e is the void ratio, and emax and emin are the

maximum and minimum void ratios, respectively.

Table 5.3 Sediment bed characteristics used in the present study

Parameter Material 1 Material 2 Material 3 Material 4
dso (mm) 0.52 1.28 4.00 8.30
dao (Mmm) 0.68 1.68 4.30 12.7
% (2) 1.22 1.46 1.12 1.36
emax (-) 0.91 0.83 0.75 0.73
e () 0.54 0.46 0.55 0.55
emin () 0.46 0.44 0.48 0.47
Y4 (g/cm?) 1.38 1.42 1.50 1.57
D: (-) 0.82 0.77 0.74 0.69

Particle size distribution of the materials was given in detail with sieve analysis in Figure

5.18, Figure 5.19, Figure 5.20, Figure 5.21. The materials can be classifed as ‘well - graded’

according to Unified Soil Classification System (USCS) and the values of Cy are under <

1.5, which indicate that the four sand materials can be considered uniform where

C,=d,,/d,, is uniformity coefficient.
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Figure 5.18 Sieve analysis of Material 1
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Figure 5.19 Sieve analysis of Material 2
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Figure 5.20 Sieve analysis of Material 3
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Figure 5.21 Sieve analysis of Material 4

5.1.4 Distribution of the Propeller Jet Velocity

Magnitude of the velocities were measured for the determination of flow characteristics for
the evoluation of scour. Nortec Doppler Current Velocimeter (NDCV) was used in the
experimental study without disturbing the flow during the measurements to get the most

accurate results.

Three - dimensional velocity components for the propeller jet (see Figure 3.3 in Chapter 3)
were recorded with acoustic Doppler velocimeter (ADV) at an acoustic frequency of 10
MHz. Three main modules - measurement probe, signal conditioning module and signal
processing module - for ADV system used in these labratory tests are given in Figure
5.22,Figure 5.23 and technical specifications in Table 5.4.
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Table 5.4 Technial Specifications of ADV (NDV Operations Manual [51])

Acoustic Frequency 10 MHz
Velocity Range +0.03, 0.1, 0.3, 1.0, or £2.5 m/sec
Velocity Resolution 0.1 mm/sec
Sampling Rate Programmable from 0.1 to 25 Hz
Sampling Volume Less than 0.25 cm?®

20 mm for Side - Looking two — dimensional

Minimum Water Depth Probe, 60 mm

High Frequency Cable

NDV Processor

Processing  §
Module &

NDV Prob

Acoustic Acoustic' | «—————— NDV Sensor

Transmitter Receiver

Sampling
Volume

Figure 5.22 ADV modules (NDV Operations Manual [51])
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Figure 5.23 Three — dimensional down - looking probes of ADV (NDV Operations Manual
[51])
Axial, radial and rotational velocity components were measured by using ADV for the
Propeller - 130 mm, Propeller - 100 mm and Propeller - 65 mm located at 15 cm (G) above
the rigid bed at three different speeds of rotation values as 40, 45 and 50 Hertz. The axial
components of velocity were determined as the largest contributor to the resultant velocity
by Brewster [17]. Hamill et al. [38] also measured axial velocity as about 90% of resultant
velocity. Thus the axial velocity was taken into consideration for the following calculations.
Measurements of the axial velocity distributions with respect to water depth propeller

diameter ratio (Z/Dp) are given in the following Figures (Figure 5.20 — Figure 5.28).

Axial velocities were also measured by a flowmeter (streamflow velocity meter V1.3) for
the Propeller - 130 mm and compared with the results obtained from ADV. Specifications of

the flowmeter used in this study are summarized in Table 5.5.

Table 5.5 Technial specifications of flowmeter (Nixon Operations Manual [52])

403 Low Speed Probe
Range 5-150
Accuracy +2 % of True Velocity
Immersion Length Max 420mm
Connector UNC Co - Axial Socket
Steam Material 316 Stainless Steel
Rotor Delrin

106



Flowmeter velocity measurements were plotted in Figure 5.24, Figure 5.25 and Figure 5.26
for different propeller speeds; 590 rpm, 670 rpm and 745 rpm. It is seen that both
measurements recorded by ADV and flowmeter have a good agreement for the Propeller-
130 mm.

Lam et. al. [4] defined velocity distributions with two peak ridges as defined in the previous
literature studies by Hamill et al. [3], Lam et al. [24], Hamill et al. [38]. The axial velocity
distribution of propeller jets has low velocity core due the hub at the centerline of the
propeller while two peak ridges are observed with increasing radial distance from the
centerline as given in detail in Figure 3.3. The velocities measured X=0.5D, far away from
the propeller’s face. ADV measurements also showed similar velocity distributions for all
the propeller diameters with different speeds as seen in Figure 5.24, Figure 5.25, Figure
5.26, Figure 5.27, Figure 5.28, Figure 5.29, Figure 5.30, Figure 5.31, and Figure 5.32.

15 + ADV

< Flowmeter

Z/Dp

200 250 300
Uo (cm/s)

-1.5 -

Figure 5.24 Distribution of the axial velocity at the face of the Propeller - 130 mm at 590
rpm
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200 250 300
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Figure 5.25 Distribution of the axial velocity at the face of the Propeller - 130 mm at 670
rpm

1.5 4
+ ADV

< flowmeter

200 250 300
Uo (cm/s)

-1.5 -

Figure 5.26 Distribution of the axial velocity at the face of the Propeller - 130 mm at 745
rpm
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Figure 5.27 Distribution of the axial velocity at the face of the Propeller - 100 mm at 590
rpm
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Figure 5.28 Distribution of the axial velocity at the face of the Propeller - 100 mm at 670
rpm
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Figure 5.29 Distribution of the axial velocity at the face of the Propeller - 100 mm at 745
rpm
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Figure 5.30 Distribution of the axial velocity at the face of the Propeller - 65 mm at 670 rpm
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Figure 5.31 Distribution of the axial velocity at the face of the Propeller - 65 mm at 670 rpm
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Figure 5.32 Distribution of the axial velocity at the face of the Propeller - 65 mm at 745 rpm

Determination of the velocity caused by the propeller jet has is difficult due to the
complexity of the rotating propeller mechanism. Thus ‘efflux’ velocitiy which is defined as

the maximum velocity along the propeller face is used for the engineering calculations.
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Efflux velocitity (Uo) values are taken as the average of two maximum peak velocity

obtained from the velocity distribution profiles for three different types of propellers seen in

Table 5.6.

Table 5.6 Measured efflux velocity values at different speeds

Propeller Speed Measured Velocities
Hertz Rpm U ADV (m/sec) UFlowmeter (m/sec)
Propeller - 6.5 40 590 0.84
Propeller - 6.5 45 670 0.88
Propeller - 6.5 50 745 0.94
Propeller - 10 40 590 1.10
Propeller - 10 45 670 1.23
Propeller - 10 50 745 1.32
Propeller - 13 40 590 1.40 1.39
Propeller - 13 45 670 1.55 1.49
Propeller - 13 50 745 1.60 1.57

The exit plane of the propeller flow, called the efflux velocity (Uo) of the propeller wash,

has widely been investigated by several researchers, leading to modified equations of Ug as

shown in Table 3.1 (in Chapter 3). Predicted efflux velocities have been calculated by using

each investigator’s equations and compared with measured velocities in the present study
(Figure 5.33, Figure 5.34, Figure 5.35).

Increasing values of the efflux velocity versus the rotation speed have the same linear

tendency for each equation. Measured velocities for the Propeller - 65 mm in the present

study, have approximate values with the equation suggested by PIANC [28], having a

greater efflux coefficient of 1.6.

1.5

/ ® Present study
= 10 e .
e
E A Hashmi (1993)
2 05 P  PIANC (2015)
A Hamill et al. (2015)
0.0 T T T T T !
500 550 600 650 700 750 800
n (RPS)

Figure 5.33 Measured and predicted efflux velocity comparisons for the Propeller - 65 mm

The values for the Propeller - 100 mm are somewhere between the results obtained from
PIANC [28] and Hamill [7] (Figure 5.34). However, efflux velocities (Uo) of the Propeller -
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130 mm have similar values with the equation defined by Hamill [7], having efflux

coefficient of 1.33 (Figure 5.35).
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Figure 5.34 Measured and predicted efflux velocity comparisons for the Propeller - 100 mm
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Figure 5.35 Measured and predicted efflux velocity comparisons for the Propeller - 130 mm

Hamill [7] suggested that the efflux coefficient defined in the equation can be changeable
based on the propeller characterictics such as blade area ratio and hub diameter. This value
is also somewhere between the values proposed by PIANC [28] and Hamill [8]. PIANC [28]
defined this coefficient as 1.6 for the Wageningen B- and K- series propellers whereas
Hamill [7]’s proposed these values as 1.33. The efflux coefficient chosen as 1.42 is also very
similar to Lam et al. [10]’s coefficient as 1.48 obtained by using CFD model results modifed

for four bladed propellers ( see Table 1.12 in Chapter 1).

Equation (5.3) was developed for the maneuvering conditions of a ship by considering the
geometrical characteristics of the propellers used in this study. This equation was derived
from four bladed Wageningen B- series propellers’s values of Dp=6.5 cm, 10 cm and 13 cm

with a blade area ratio of 0.7.

U, =1.42nD,|/C, (5.3)
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The experimental measurements were compared with the equations proposed by Hashmi
[13], Hamill [7] and PIANC [28] as seen in Figure 5.36 . Equation (5.3) gave the estimation
of the efflux velocity with R? = 0.953 for the Propeller - 130 mm, Propeller - 100 mm, and
Propeller - 65 mm similar to Hashmi [13]’s, Hamill [7]’s and PIANC [28]’s equations. The
measured data also have a linear component that can be described by a best fit line
(reference line) with a 1:1 slope for Equation (5.3). Linearized plots of Equation (5.3) for the
prediction of efflux velocity (Uo) versus measured data provide the lower value of the root-
mean-squared error with RMSE = 0.020 (Table 5.7).

2.0

o ¢ Present study
@
g = PIANC (2015)
e
g o a4 Hamill (1987)
@
g ® Hashmi (1993)
5 0.5

------- Reference line:

) Y=X
0.0 +7

0 0.5 1 1.5 2

Uo calculated (m/sec)

Figure 5.36 Comparisons of measured and calculated efflux velocities

Hashmi [13]’s, Hamill [7]’s, PIANC [28]’s and the Equation (5.3)’s calculated efflux
velocities near the propeller overestimate the predicted values when compared with
measurements for Ug < 1m/sec. Hamill and Kee [53] stated similar conditions and attempted
to provide corrections to the limiting assumptions used in axial disc theory which tend to
overestimate the Up value. They also stated that this deviation in the predicted values of Ug

is clearer for larger propellers.

Table 5.7 Descriptive statistical performance indices for datasets

Performance . .

Indicators Hamill [7] Hashmi [13] PIANC [28] Present Study
Lmearlzed' Plots of Y=1.063X V=2 023X V=0.883X /0,005

Equations

Determination

Coefficient (R?) 0.946 0.946 0.946 0.953
Root-Mean- Squared-
Error (RMSE) 0.033 0.08 0.059 0.02
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5.1.5 Scaling of the Experimental Model

Dimension analysis for the determination of scour dimensions such as (Smax, Bmax, Lmax) is @
useful tool in such a complex physical system including specific independent variables.

These variables are defined for this model in Table 5.8.

The maximum scour depth (Smax) is one of the main dimensions of the scouring formation
owing to propeller action, and can be described using independent parameters involved in

the dimensional analysis by using Langhaar Method as follos:

Swax =F(Uq, D, 0, dgy, G, p, 1, g, v, pg, dg, X, L uh) (5.4)
These variables were substituted for dimensionless parameter of I1;

[1=DyX"g"Ss n“dgh“ G p@p ediUszn* e L (5.5)
where k1,kz,Ks... k14 are defined as the exponents.

Defined k1, ko, ka... k14 exponents are given in Table 5.9 when all variables are expressed in

terms of basic dimensions (M, L, and T) into dimensionless pi term.

Table 5.8 Dimensions of defined physical quantities

Quantity Symbol SI Unit Dimension
Fluid Density p kg/m? ML?3
Characteristics Dynamic Coefficient Ns/m? MLAT-
Viscosity
Flow Efflux Velocity Uo m/sec MT?
Characteristics Water Depth h m L
Propeller Diameter D, m L
_ _ Propeller Speed 0 s T
Ship Properties | Characterictics Length of the
Lm m L
Propeller
Pile Diameter do m
Geometric Gap between Propeller Axis G m
and Sediment Bed
Parameters )
Distance between Propeller
Face and Pile X m L
Sediment Bed Median Grain Size dso M L
Properties Mass Density P, kg/m? ML
Other Parameters Acceleration of Gravity g m/sec? LT?
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Table 5.9 Exponents for each basic dimension

ki | ko | ka | ks | ks | ke | k7 | ks | ko | kKio | K11 | K12 | K13 | Kia

Symbol | Dp | X | g [Smax| M |dso | h | G | ps| p | do | Uo | N | Lm

M 0] 0|0 0 1,0,0;0(2(1,0]0|O0]O0

L 1 11 1 1] 1 1 1 (-3|-3 |1 1 0 1

T cojo0,-2;0}|-1yj0}j0,0}0]0}0]|-1-1,0

The exponents ki, ko, ks... ki4 are determined by the following equations for each of M, L,

and T for TI=M°L"T°:

For M; kg +k,, +Kk, =0 (5.6)
For L; k, +K, + Kk, + Kk, =K, + Ks +K; + kg =3k, —3Kk,, + Kk, + Kk, +k;, =0 (5.7)
For T, -2k, —K; =Kk, —k;; =0 (5.8)

Equation (5.6), (5.7) and (5.8) are rearranged as follows:

Ky, =—(Kq +K;) (5.9)
k, = —(k, + K, +k, —k, +kg +k, +k; —3ky =3k, + K, + K, +Kk;) (5.10)
K, =2k, —ks — ki, (5.11)

Dimensionless] groups are deterrmined by using the Equation (5.9), (5.10) and (5.11) are
given in Table 5.10.

Table 5.10 Dimensionless|] groups with defined exponents for each dimension

ki | ko | ks | ka | ks | ke | k7 | ks | Ko | kio | ki1 | k2 | kiz | Kua

IL | 4 0 0 0 1 0 0 0 0 -1 0 -1 0 0
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Table 5.10 Dimensionless|| groups with defined exponents for each dimension (cont’d)

I, | 1 0 0 0 0 0 0 1 0 0 0 0 0 0

5 | -1 0 0 1 0 0 0 0 0 0 0 0 0 0

0 | -1 0 0 0 1 0 0 0 0 -1 0 0 1 -1

u | -1 0 0 0 0 1 0 0 0 0 0 0 0 0

I, = D;)lp'luUbl
I1,=hD;

[T, =Xd;
[1,=GD;

HS :SmaxD;)l
[1; =Gd; (5.12)
IT; =U %dg,g

HS :S_r;axdo
[1;=Gdg,

Iy, :DglupilnilLini
Hn = Dpd;é

Thus, dimensionless scour depths can be expressed as;

Smax Smax_ Uo UODp G Dp nDme G X G h

) _f ' R S R R R R R (513)
D, d, JodeA v Dydy, v d, d, dyy D,

where Fry=U,/\/gd.,A is the densimetric Froude number and Re,=U,D /v is Reynolds
flow number, and Re,=nD,L /v is Reynolds propeller number. Ly is calculated with the
formula given by Blaauw and van de Kaa (1978);
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L,=pD, n(2N(1-%D (5.14)

p

where Dy is the diameter of the hub of propeller, Lm is the characteristic length of the

propeller.

Quarrin [11] found that typical propeller speeds and diameters that caused seabed scouring
were 200 — 400 rpm and 1.5 — 3.0 m, respectively. Lam et al. [10] selected a propeller with a
diameter of 2.5 m at a rotation speed of 200 rpm, and with a thrust coefficient Ct= 0.35 as
the prototype in their study. The propeller diameter was scaled by 1:33 by using a 76 — mm -
propeller with C+ = 0.35 in their model. In the present study, prototype ships that may cause
a scouring effect are assumed to have propeller diameters of 1.0 m, 1.5 m, and 2 m and an
operating speed of 200-255 rpm with Ct = 0.35, similar to the typical ship dimensions
provided by Quarrin [11]. They calculated the initial efflux velocity with Equation (3.13) as
7.84 m/sec for the prototype and determined the Ugmodey= 1.37 m/sec by considering the
Froudian scaling law expressed in Equation (5.15). The operation speed was determined as
1000 rpm by using Equation (3.13) corresponding to 1.37 m/sec for model’s efflux velocity
in their study.
D

del
0O(prototype) p{mote) (515)
D p (prototype)

Uomoden =Y

Yew et al. [25] scaled propeller diameter to 1:11 with using 22 cm twin-propellers
(C+=0.35) for the same prototype as Lam et al.[10]’s. By using similar calculations, they
determined propeller speed as 500 rpm with corresponding to Uomodery Of 2.33 m/sec.

In the present study the prototype ship was considered as a ro-ro vessel and the scouring
mechanism during berthing and unberthing conditions was investigated. Modern ro-ro
conventional vessels are equipped with two or three bow thrusters and each thruster has
1,500 kW power according to PIANC [28]. In Figure 5.37, the diameter of the bow thruster
is about 2.0 m, propeller diameter with corresponding power of 1,500 kW which is in the
range for typical propeller diameter given by Quarrin [11]. In the present study, the
prototype ship which may cause the scouring effect is assumed to have a propeller diameter
of 1.0 m, 1.5 m and 2.0 m and an operating speed at 200 - 255 rpm with C+ = 0.35 as in the
similar range for typical ship dimensions given by Quarrin [11]. Also, PIANC [28]
recommended that the speed of the propeller (rpm) decreases about 50% during the ship’s

maneuver. Thus the propeller’s speed was considered as 200 - 255 rpm for the prototype.
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Figure 5.37 Relationship between power and diameter of the main and bow thruster (PIANC
[28])

The scale for the propeller diameters was considered as 1:15, similar to the one given in the

previous studies. Thus, Wageningen - B series propellers with diameters of 6.5 cm, 10 cm,

and 13 cm (Figure 5.11) were used in the model corresponding to 1.0 m, 1.5 m, and 2.0 m

propellers set to rotation speeds of 590, 670, and 745 rpm, respectively.

As an example; the efflux velocity for the 10 — cm - diameter model propeller was chosen in
the model to be 1.2 m/sec (2.33 kn) using Equation (5.3) to achieve the field speed of 4.8
m/sec (9.3 kn). Furthermore, the efflux velocity for the model was converted with Equation
(5.3) to an optimal speed of 670 rpm for the propeller speed of 1.2 m/sec. A typical vessel
having dimensions similar to that of the typical ship’s dimensions given by Quarrin [11] was
chosen for the study with characteristics for the model propellers of 6.5 cm, 10 cm, and 13
cm as listed in Table 5.11. Consequently, the rotation speeds were found (and calculated) to
be 590 rpm, 670 rpm, and 745 rpm for each propeller in the experimental tests. Thus it was
intended to conduct tests over a wide practical range of typical prototype ship speeds Uo
(prototype) = 3.5 m/sec to 5.5 m/sec (6.8 kn to 10.7 kn).

Table 5.11 Summarized parameters for the prototype and model propellers

Prototype Model
Efflux Efflux Velocity Uo
Propeller | Propeller ] Propeller Calculated
. Velocity Thrust . (m/sec) Thrust
Diameter | Speed o Diameter Propeller o
Uo Coefficient Coefficient
Dp (M) rpm Dp (M) Speed, rpm Measured Calculated
(m/sec)
2.0 200 55 0.35 0.13 590 1.40 14 0.61
2.0 230 6.2 0.35 0.13 670 1.55 1.6 0.61
2.0 255 6.9 0.35 0.13 745 1.60 1.8 0.61
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Table 5.11 Summarized parameters for prototype and model propellers (cont’d)

1.5 200 4.2 0.35 0.1 590 1.10 11 0.61
1.5 230 4.8 0.35 0.1 670 1.23 1.2 0.61
1.5 255 53 0.35 0.1 745 1.32 1.4 0.61
1.0 200 2.7 0.35 0.065 590 0.84 0.7 0.61
1.0 230 3.1 0.35 0.065 670 0.88 0.8 0.61
1.0 255 3.5 0.35 0.065 745 0.90 0.9 0.61

In the present study, the Reynolds numbers are calculated for the three propellers at the
operating speeds considered herein. Re, and Rer range from 1.28-10% to 6.46-10* and 4.61-
10*t023.27-10%, respectively (Table 5.12).

Table 5.12 Propeller speeds of rotation and corresponding Reynolds numbers

Propeller Diameter Propeller Speed
(Dp, €M) Rpm i Rep
590 1.28-10* 4.61-10%
6.5 670 1.44-10* 5.19-10*
745 1.62-10* 5.82-10%
590 3.00-10* 10.91-10*
10 670 3.41-10* 12.29-10*
745 3.79-10* 13.77-10*
590 5.12-10% 18.43-10*
13 670 5.81-10% 20.93-10*
745 6.46-10* 23.27-10*

Rajatratham [54] stated that scale effects due to viscosity could be ignored if the Reynolds
numbers exceeded 10*. Blaauw and Van de Kaa [1] calculated Rep between the ranges of 3-
10* to 6-10* for non-ducted propeller and 3-10* to 5-10* for the ducted propellers. They
stated that the scaling effects due to the viscosity could be neglected if Rer and Re, numbers

are greater than 3-10% and 7-10%, respectively.

For the propeller jet properties used by Hamill [7] the value of Rer was found to be between
1.2-10° and 2.3-10°, and therefore, the effect of viscosity could be neglected. Based on the
studies done by Blaauw and Van de Kaa [1] and Verhey [23], the scale effects in these
experiments were insignificant between these ranges when the experiments satisfied the

Froude scale.

In the present study, the Reynold numbers are compared with the ones used in the previous
research calculations. All the Reynolds flow numbers exceeded 3-10° for the determined

speeds of rotation, satisfying the criteria for the Froude pile . The Reynolds numbers for the
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propellers were found to be slightly smaller than 7-10* so the scaling effects due to the

viscosity were neglected.

In addition, Hong et al. [45] stated that the effect of h/D, on the scouring formation could be
neglected. If the water depth (h) is higher six times than the diameter jet (Do), this effect
may be ignored as suggested by Faruque et al. [55] and Sarathi [56] for the submerged jets.
Hence, the effect of h/D, was neglected in the present study as the water level (h) was

definedhigh enough compared with Dp.

The effect of the sediment fall velocity was neglected since the grain sizes were rather large
in the present study as stated in Sumer and Fredsee [57]’s. Thus, the relative scour depths
(Smax/Dp and  Smax/do) can be simplified as follows

D
Smax 1Smax =f UO _p’£1 E, é, E (516)

D, ' d, Jodo A d, "D, dy " dy " dy

The dimensionless parameters in the right hand side of Equation (5.16) were examined to

assess the evolution of the scouring process after all experiments had been conducted as

mentioned in the following chapters.
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CHAPTER 6

SCOUR FORMATIONS INDUCED BY PROPELLER JET MECHANISM

In this chapter, the experimental results of local scour formation due to three-dimensional
submerged propeller jet mechanism are summarized. In addition, since the goal of this thesis
is to find a suitable scour formula, this chapter will focus on the scouring mechanism with
the absence and presence of a vertical pile structure. Furthermoretwo-pile tandem

arrangements and application of rock protection around a pile have been investigated.

6.1 Scouring Formations without Pile Cases

Totally 63 experimental tests were carried out without considering the berth structure near
propeller jet in the flume (see Figure 5.1). In each test, one variable was changed. For
example, the propeller diameter (D, = 6.5 cm, 10 cm, and 13 cm) and speed (590 rpm, 670
rpm, and 745 rpm) over four sediment bed sizes ranging from dso = 0.52 mm to dso = 8.3 mm
for a propeller gap which is the horizontal distance between the propeller axis and sediment
bed at G = 10 cm. In addition, higher propeller gaps of G = 15 and 20 cm were tested on
finer and coarser sediment beds of dsp = 0.52 mm and dso = 8.3 mm. All tests were

conducted within the range of Frg: 1.89 <Frg< 15.01 and are given in Table 6.1.

Table 6.1 Test conditions with the absence of structure

Sediment ) Propeller Densimetric Reynolds | Reynolds Jet
) Gap Height | Propeller Speed )
Size Diameter Froude Number | Flow Number Number
(dso, mm) (G, cm) rpm (Dp, cm) (Frq) (Rerx 10%) | (Rep x 10%
0.52 10/15/20 | 590/670/745 6.5/10* 7.73-15.01 4.61-13.77 1.28-3.79
1.28 10 590/670/745 | 6.5/10/13 4.99-12.59 4.61-23.27 1.28-6.46
4.00 10 590/670/745 | 6.5/10/13 2.79-7.06 4.61-23.27 1.28-6.46
8.30 10/15/20 | 590/670/745 | 6.5/10/13 1.89-4.87 4.61-23.27 1.28-6.46

*Tests for Dp = 13 cm conducted were not included because the scour depth reached the bottom of the flume.
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The evolution of a typical scouring profile attains the equilibrium conditions after a specific
time. Beyond this time, the dimensions of the scour hole remain unchanged. Chin et al. [8]
explained this time with experiments for a water jet flow. They concluded that the flow
pushes the sediment particles up to the upstream slope of the deposition mound, but the
particles slide back and settle into a stable location under the equilibrium condition because
the particles do not have sufficient momentum to cross the deposition mound. Thus, it can
be stated that at the equilibrium state the scour hole is formed even if this dynamic process

repeats itself.

In the present study, the time-dependent variation of the maximum scour depth was
measured to consider the duration till the scour hole attained its equilibrium state during
each test. Figure 6.1 shows the time development of the maximum scour depth for different

propeller diameters and speeds on fine sand bed material of ds0=0.52 mm.
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Figure 6.1 Time development of maximum scour depth with Dp = 6.5 cm and 10 cm for G =
10 cm on sand bed, with dso = 0.52 mm

Figure 6.1 shows that the scour formations reached their equilibrium conditions at a specific
time after the propeller started to rotate. Hence, by considering all the experimental tests, the
duration was chosen to be 160 minutes, after which all of the tests had reached their
equilibrium states. This unchanged maximum scour depth is called as the maximum
equilibrium scour depth (Ssmax). Ssmax Were measured as 10.2 cm for 590 rpm propeller speed
and Dp=10 cm at G=10 cm. Similarly, scour depths remained uchanged after 140 minutes at
11.9 cm and 16.3 cm for 670 rpm and 745 rpm propeller speeds, respectively (Figure 6.1).
Hence, by considering all the unconfined experimental tests’; it was decided that 160
minutes was the duration of time needed for the scour formations to reach the equilibrium

states.
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Measurements also showed that the scour depths reached more than 70% of Ssmax during the
time of 30% of the total duration. It can also be stated that the greater part of the scouring
formation occurs in a very short time when the total test duration is considered.

Comparatively, little variation of the scour depth occurs after the first 100 minutes.

Hong et al. [5] called the equilibrium state of the scouring formation as the asymptotic stage
in their study. They also defined three more stages before this equilibrium state as initial,
developing and stabilization stages (see Figure 1.6 in Chapter 1). These four stages were
observed similarly in the experimental tests of the present study as seen in Figure 6.2.
According to this, first in the initial stage, primary scour hole is formed very quickly at
about 5 minutes with small ripples behind it. Then a small scour hole formed beneath the
propeller after 10 minutes of the propeller rotation while the primary hole deepens. During
stabilization stage the small and primary scour increase and the distance between them

decrease. During the tests, after approximately 140 minutes in the last stage which is called

the asymptotic stage, both the small and the primary scour holes merge and remain still.

Initial Stage

Developing Stage

F -

10 minutes

_ 5 minutes

Stabilization Stage AsymptoticStage

60 minutes >140 minutes

Figure 6.2 Time dependent evolution of scour profile without structure over sediment bed
sizes of dsp=0.52 mm with Dp=10 cm, G=10cm at 745 rpm

Densimetric Froude number as a ratio between inertia force and the gravitiational force, Frq
may be considered as the driving force on the sand bed. All test conditions shown in Table
6.1 were given in detail with Frq and efflux velocity (Uo) values calculated by using
Equation (5.3) in Table 6.2.
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Table 6.2 Summarized test conditions

Propeller Propeller Sediment Gap Efflux Densimetric

Diameter Speed Bed Size Height Velocity Froude Number

Dp(cm) | Hertz | Rpm | dso (mm) G (cm) Uo (cm/sec) Frg
6.5 40 597 0.52 10 0.72 7.82
6.5 45 671 0.52 10 0.81 8.79
6.5 50 744 0.52 10 0.89 9.74
10 40 595 0.52 10 1.10 11.99
10 45 665 0.52 10 1.23 13.40
10 50 774 0.52 10 1.43 15.59
6.5 40 597 0.52 15 0.72 7.82*
6.5 45 670 0.52 15 0.80 8.77 *
6.5 50 745 0.52 15 0.90 9.76 *
10 40 596 0.52 15 1.10 12.01
10 45 670 0.52 15 1.24 13.50
10 50 745 0.52 15 1.38 15.01
6.5 40 597 0.52 20 0.72 7.82*
6.5 45 672 0.52 20 0.81 8.80 *
6.5 50 746 0.52 20 0.90 9.77 *
10 40 597 0.52 20 1.10 12.03
10 45 670 0.52 20 1.24 13.50
10 50 745 0.52 20 1.38 15.01
6.5 40 595 1.28 10 0.71 5.03
6.5 45 670 1.28 10 0.80 5.66
6.5 50 744 1.28 10 0.89 6.29
10 40 596 1.28 10 1.10 7.75
10 45 673 1.28 10 1.24 8.75
10 50 746 1.28 10 1.38 9.70
13 40 591 1.28 10 1.42 9.99
13 45 666 1.28 10 1.60 11.26
13 50 743 1.28 10 1.79 12.56
6.5 40 596 4.00 10 0.72 2.82
6.5 45 673 4.00 10 0.81 3.19
6.5 50 746 4.00 10 0.90 3.53
10 40 596 4.00 10 1.10 4.34
10 45 670 4.00 10 1.24 4.88
10 50 744 4.00 10 1.38 5.42
13 40 591 4.00 10 1.42 5.60
13 45 665 4.00 10 1.60 6.30
13 50 738 4.00 10 1.77 6.99
6.5 40 595 8.30 10 0.72 1.91~*
6.5 45 665 8.30 10 0.81 217 *
6.5 50 745 8.30 10 0.90 2.44 *
10 40 595 8.30 10 1.10 2.99
10 45 670 8.30 10 1.24 3.37
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Table 6.2 Summarized test conditions (cont’d)

10 50 744 8.30 10 1.38 3.74
13 40 593 8.30 10 1.42 3.88
13 45 665 8.30 10 1.60 4.35
13 50 744 8.30 10 1.77 4.87
6.5 40 595 8.30 15 0.71 1.95*
6.5 45 665 8.30 15 0.80 217 *
6.5 50 745 8.30 15 0.90 244 *
10 40 595 8.30 15 1.10 2.99 *
10 45 664 8.30 15 1.23 3.34
10 50 745 8.30 15 1.38 3.75
13 40 592 8.30 15 1.42 3.87
13 45 665 8.30 15 1.60 4.35
13 50 739 8.30 15 1.78 4.83
6.5 40 595 8.30 20 0.71 1.95*
6.5 45 665 8.30 20 0.80 2.17*
6.5 50 745 8.30 20 0.90 244 *
10 40 595 8.30 20 1.10 2.99*
10 45 665 8.30 20 1.23 3.35*
10 50 745 8.30 20 1.38 3.75*
13 40 591 8.30 20 142 3.87
13 45 664 8.30 20 1.60 4.34
13 50 738 8.30 20 1.77 4.83
*No scour was formed

Fra between 1.95 to 9.77, no scour hole was formed for higher propeller gaps, such as G =
15 cm and 20 cm above the sediment bed, whereas scour hole was observed at a lower
propeller gap such as at G = 10 cm. Since the propeller gap plays an important role in the
scour formation, initiation of the scour formation was determined by considering both the
gap ratio (G/Dp) and Fraq.

Hong et al. [5] investigated critical conditions for initiation of scouring and they defined an
emprical Equation (1.10) related to Frq and G/Do,. Hong et al. [5] performed their
experiments in the test ranges of 5.55 < Frq < 11.1 to define the critical densimetric Froude

number (Frqc) shown as follows:

Fr, :4_114DE for 2.87> Dg >0.5 (6.1)

0 0

In the present study, Figure 6.3 shows critical conditions for the initiation of scouring by

considering all test results for 1.95 < Frg< 15.01 as listed in Table 6.2.
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Figure 6.3 Critical conditions for the initiation of scour caused by the propeller jet flow

The left - hand side of the line represents no scour conditions, whereas scour hole formation
conditions are shown on the right-hand side in the Figure 6.3. According to this
representation, critical densimetric Froude number for the initiation of the propeller jet
scouring can be obtained by considering G/Dp which is similar to Hong et al. [5]’s definition

as follow,

FrdC:Z.lE for 3.08> S >0.77 (6.2)
Dp DP
Equation (6.1) has the compatiblity with the data obtained from the previous studies that
were conducted with circular wall jet and square jet (see Figure 1.9 in Chapter 1).
Experimental conditions for the data set defined by Hong et al. [5] under propeller jet
mechanism are given in Table 1.5. They tested two different propeller diameters of 10 cm
and 21 cm over two uniformly distributed sediment bed materials of ds0=0.024 cm and 0.034
cm. Equation (6.1) gives higher critical Frq the same with G/D, for the initation of scouring
when compared with Equation (6.2). Equation (6.2) includes a wider range of data set than
Hong et al. [5]’s with coarser bed material sizes of dsp=0.052 cm, 0.128 cm, 0.4 cm and 0.83
cm and smaller propeller diameter of 6.5 cm while other parameters such as; water depth,
gap height and propeller speeds are similar. When the test results of this study were added to
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Hong et al. [5]’s, it was observed that the critical curve for the intiation of the scouring

shifted to the left within the range of 1.95 < Frg< 15.01 (Figure 6.4).
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Figure 6.4 Critical curve for the initiation of scour

The critical scour initiation conditions defined by Hong et al. [5] agreed with the
experimental data sets of Chiew and Lim [2] and Karki et al. [6] whose experiments were
conducted with submerged circular and square jets, according to the relationship between
Frq, the ratio of propeller gap, and circular jet diameter (G/Do) (Figure 6.7). Hong et al. [5]
carried out their experiments by using very limited test conditions. Their test range is 5.55 <
Fra< 11.1 and 0.5<G/Dp < 1.5 whereas the range in the present study is 1.89 < Frq < 15.01
and 0.77 < G/Dp<3.08 (Figure 6.5).
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Figure 6.5 Comparisons of critical curves for the initiation of scouring
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The scouring formation of a bed, which consists of cohesionless sediments by a propeller jet
without considering its structure was characterized by Hong et al. [5] for small and primary
scour holes and a deposition mound behind these holes (Figure 1.5 in Chapter 1). A similar
formation was observed in the present study as seen in Figure 6.6 and Figure 6.7. All

measured scour profiles in the present study are given in Figures A.1 - A.50.

Figure 6.6 Plan view of the scour formation with Dp=10 cm, at 590 rpm and G=10 cm, on
ds50=0.52 mm sediment bed

Figure 6.8 shows the shape of the unconfined scour formation with two different eroded
areas and a deposion zone around the primary hole. Figure 6.7 shows scour profile
formations with eroded scour holes and a deposition zone at the equilibrium state with
respect to the orginal bed level (OBL) at zero.
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Figure 6.7 Scour profile with Dp=10 cm, at 745 rpm and G=15 cm, on sediment bed of
d50=0.52 mm
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The shape of the unconfined scour profile may differ with its wide, length and presence of
small scour formations under the propeller for changing test conditions such as; the propeller
diameter, speed and gap. Typical scour formations with two scour holes werenot distinctly
observed for smaller propeller diameter of 6.5 cm at 15 cm above the undisturbed bed as

seen in Figure 6.10.
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Figure 6.8 Scour profile with Dp=6.5 cm, at 745 rpm and G=15 cm, on sediment bed of
d50=0.52 mm

Figure 6.9 shows an isometric three — dimensional view of unobstructed scour formation
measured by using General Acoustics Ultralab (UWS Ultralab ULS 80 D). This
illustratation shows the general view of the unconfined profile that is reasonably

symmetrical about the propeller centerline. Also, no distinct small scour formation was

observed while primary scour hole was being formed.

Distance from Propeller Centerline (mm)

Figure 6.9 Isometric view of the scour hole with Dp=6.5 cm, at 745 rpm G=15 cm, on
sediment bed of dso=0.52 mm

130



The small scour hole had a very weak formation or it was not observed in the tests
conducted with smaller propeller diameter of 6.5 cm over four different sediment bed
materials at different propeller gaps of 15 and 20 cm. In addition, the small scour formation
was not observed on coarse sediment bed material of dsp0=8.3 mm for greater diameters of
propeller as 10 and 13 cm (Figures A.37- 50). All the test observations with or without the

small scour formation are summarized in Table 6.3.

Table 6.3 Observations of small scour formation according to different test conditions

(cm) Material 1 Material 2 Material 3 Material 4
(ds0=0.52 mm) (dsp=1.28 mm) (dso=4 mm (d50=8.3 mm)

G D 6.5 10 6.5 10 13 6.5 10 13 65| 10 | 13
10 W 4 X v v X v s NS X X
15 X % - - - - - - | NS | X | X
20 X 4 - - - i - - | NS Ins| X

:There are not any tests conducted,

N.S : No scour occured,

W : Weak, Scour hole was not observed significantly,

X : Small scour hole was not observed,

v : Small scour hole was observed.

As an example, Figure 6.10 shows the typical scour formation with two scour holes
observed with larger densimetric Froude numbers (Frq = 7.90 and 15.01). However, the
small scour hole beneath the propeller was not distinctly observed with smaller densimetric
Froude numbers (Frq= 3.75 and 5.43). Similarly with larger propeller diameters of 10 and 13
cm, the small scour formation was not observed on the coarser sediment bed material with
dso = 8.3 mm for smaller densimetric Froude numbers (Frq = 3.00 and 6.46). G is also a
significant parameter for the formation of typical scour holes. As an example; at higher
propeller gaps of 15 and 20 cm the small scour hole had a very weak formation or it was not
observable in the tests conducted with a smaller Dy of 6.5 cm on all the four different

sediment bed materials, even with larger densimetric Froude numbers (Frq =8.77 and 9.76).

131



30 4

25 dso= 1.28 mm dso=0.52 mm

Scour, S (cm)

—o—Scour Profile Frd=3.75

—&—Scour Profile Frd=5.43

——Scour Profile Frd=7.90 -

—e—Scour Profile Frd=15.01
-20

X - Horizontal Distance (cm)

Figure 6.10 Scour profiles with D;= 10 cmand G = 10 cm at 670 rpm propeller speed for

different sediment bed materials

The functional relationship between G/Dp and Frg can also be used to determine the small
scour formation. A small scour hole was formed under the propeller for values of Frq less
than 5.3G/Dy, as expressed in Equation (6.3), when considering all the test results in which

scour initiated (Figure 6.11).

Fr,<5.3G/D, (6.3)

10.0

& Scour profile with one scour hole
% Scour profile with two scour hole

Scour formation curve

G/Dp

0.1 \

0.10 1.00 10.00 100.00
Fry

Figure 6.11 Scour profiles with or without small scour formation under the propeller in
terms of Frqg and G/Dp

Scour profile formations induced by the propeller jet were investigatedby measuring the

geometrical parameters of the scour hole such as; the maximum scour width (Bsmax),
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maximum scour length (Lsmax), maximum scour depth (Ssmax), at the end of a specific time

period for each test (Figure 6.12).
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Figure 6.12 Dimensions of scour hole

Schematic diagram of scour profile without considering any structure, is given in Figure
6.13. Where; Lsmax is the maximum length of the primary hole, X is the horizontal distance
of deposition crest from propeller face, Ssmax is the maximum scour depth, Lismax IS the total
length of scour holes both including small and primary holes, Xmy is the distance from the

face of propeller to the maximum scour hole.

The main characteristics of the dimensions of a scour hole may change depending on Dy, G,

sediment bed material and rotation speed (rpm).
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Figure 6.13 Schematic diagram of scour formations due to the propeller jet

Figure 6.14 shows the comparison of scour profiles over different sediment beds. As the

materials used on the sediment beds go from finer to coarser material sizes increase whereas
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the length (Lsmax) and the depth of the primary scour hole decrease under the same test
conditions such as the propeller gap, speed and diameter.
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Figure 6.14 Scour profiles with Dp=10 cm, G=10 cm at 590 rpm for different sediment beds

The sediment bed plays an important role in the scour formation. As an example, no scour
was formed with the smallest propeller diameter of 6.5 cm over the coarser sediment bed of
ds0=8.3 mm whereas scour holes deepened on finer beds of 0.52 mm and 1.28 mm (Figure
6.15). The lengths (Lsmax) Of scour profiles over sediment beds of 0.52 mm and 1.28 mm

were similar.
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Figure 6.15 Scour profiles with Dp=6.5 cm, G=10 cm at 590 rpm over different sediment
beds

However, the change in the primary scour hole length became significant over different
sediment beds for the greater diameter of propeller of 10 cm (Figure 6.16). The length of
the primary (main) scour hole (Lsmax), decreased with increasing sediment bed material

sizes. Lsmax Was approximately 60 cm less on finer sediment bed (ds0=0.052 cm) when
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compared with coarser bed (dso=0.83 cm) for Dp=10 cm at different rotation speeds of 590
rpm, 670 rpm and 745 rpm (Figure 6.16, Figure A.55, Figure A.56).
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Figure 6.16 Scour profiles with Dp=10 cm, G=10 cm at 745 rpm over different sediment

beds

The length of the primary scour hole (Lsmax) for the coarse sediment bed material (dso=4 cm)

was measured approximately 40 cm shorter than the the scour measured in tests conducted

with fine bed materials (dso=1.28 mm and 0.52 mm) at different speeds for the 13 cm
propeller diameter (Figure 6.17, Figure A.58, Figure A.59). Thus, it is stated that the

sediment bed and propeller diameter have significant effects on scour formation and the

location for the depositon crest.
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Figure 6.17 Scour profiles with Dp=13 cm, G=10 cm at 745 rpm over different sediment

beds
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According to scour profile evolutions, the distance of the deposition crest from the
propeller’s face (Xc) is always less over coarser bed materials when other parameters such as

propeller gap, diameter and speed were kept constant (Figure 6.18).

Tests results indicated that similar scour profiles were observed over relatively finer
sediment beds (dsp=1.28 mm and 0.52 mm) with the same propeller diameter, speed and
gap. In addition, the deposition crests were formed at about same distance from the
propeller’s face (Figure 6.18). Figure 6.18 also shows that the length (Xc) is almost the same

for both bed materials of dso=1.28 mm and 4 mm for 13 cm propeller.

140 -
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120 & X - at G=10 f:m
Dp=6.5 cm at ® x x over sediment
® x - bed materials
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and 745 rpm - . . i
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c [ | .
O L = 1 | X 0.128 cm
< 60 ) x . Y =0.40 cm
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1 | and 745 rpm
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Figure 6.18 X, versus Rer of the propellers over different sand bed materials at constant gap

Chiew and Lim [2] and Hong et al. [5] found that the deeper the scour hole (Ssmax) was, it
associated with a lower G/Dp under the same test conditions. Different gaps of the propeller
have effective roles on the scour formation. Increasing gap of the propeller causes a lower

Ssmax With a decreasing distance between the propeller face and deposition crest (Xc).

In Figure 6.19 and Figure 6.20, scour profiles are given with different gaps (as G=10 cm, 15

cm and 20 cm) over finer and coarser sediment bed materials, respectively.
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Figure 6.19 Scour profiles for different gaps of the propeller on dso=0.52 mm beds (Dp=10
cm at 745 rpm)
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Figure 6.20 Scour profiles for different gaps of the propeller on dso=8.30 mm beds (Dp=13
cm at 745 rpm)

Increasing the propeller gap from 10 cm to G=15 cm and G=20 cm, also cause an increase in
the width of the scour hole. Deposition crest almost disappears for the smaller propeller
diameter (Dp=6.5 cm) with increasing gap of the propeller as seen in Figure 6.21.
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Figure 6.21 Scour profiles with different gaps of the propeller with Dp=6.5 cm, at 670 rpm

on the sediment bed of dsp=0.52 mm

When different bed materials were tested, the scour profiles and the locations of the

deposition crests of finer material intersected with the coarser material’s at different gaps for

the same propeller diameters. The positions of the deposition crest were similar with G=10

cm over bed material size with 0.52 mm at the same gap of the propeller (G=10 cm) on

ds0=1.28 mm bed, while it intersected with profiles on coarser beds of dsp=4 mm and 8.3

mm at higher gap of G=15 cm, and 20 cm, respectively (Figure 6.22). As a result, deposition

crests for higher gaps over fine bed material and deposition crests for lower gaps over coarse

bed material accumulated approximately at the same distance from the propeller face. All

scour profiles with different propeller gap were given in Figures A.60 — A.68).
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Figure 6.22 Xc/G versus Resfor Dp=10 cm over different sand beds

Dimensions of a scour hole (Lsmax, Ssmax, and Bsmax) formed by a circular jet related to the Frqg
were investigated by Chiew and Lim [2]. They proposed a relationship between Frq and the
dimensionless scour length as a ratio of Lsmax/Do With a circular wall jet for 4.8< Frg < 85.3

as follows:

—"Sﬂax =4.41F1" (6.4)

They also defined the relationship between Frq with dimensionless scour width Bsmax/Do and
Ssmax/Do (Equation (6.5) — Equation (6.6)).

B

—[S)":)ax =1.9Fr,°" (6.5)
Ssmax —_—
= =0.21F, (6.6)

0

Experimental data conducted by the propeller jet by Hamill [7] and Chiew and Lim [2]’s
data set associated with circular wall jet are given in Figure 6.23. Hamill [7]’s study was
conducted with two different propellers (diameters of 6.1 cm and 15.4 cm) on different
sediment bed material sizes of 0.76 cm and 1.46 cm at G=12.5 cm and 17.5 cm for 8.3 <
Frq< 11. In the present study, data range was increased for propeller jet as 2.99 < Frg< 15.01

with given test conditions in Table 6.4.

Figure 6.23 reveals that the data associated with the circular jet mostly have a larger Frq than

the data associated with the propeller jet. In addition, the solid line in this figure represents
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the formula proposed by Chiew and Lim [2] which was for a circular wall jet, and it does not
fit the test data obtained with the propeller jet for 2.99 < Frg < 15.01. Thus, the Equation
(6.6) was rewritten using Ssmax/Dp Vversus Frq for the propeller jet with a determination

coefficient (R?) of 0.71 as follows:

=2 =0,09F, 6.7)
p
100.0 E Chiew and Lim Hamill (1987)
=] (1996) water jet propeller jet Present Study
] GDo GDp GDp G=10; 15cm,
10 05031 505 = % X D=5 10 L3cm
1@ 133137 A 100 0.77, 100;1.50; Propeller Speed;
® 394 A 150 1.54,200;2.31 280, 670, 745 rpm
10.03 on sediment bed
o - material;
[} -
~ . 0.21Fr, = S..../D, 4 d.,=0.52mm
% ] : awf Uy °
= A Dy #* do=1.28mm
o R'=0.71
1.0 . b & if:—: o dy=4.00mm
3 —x.-* +
x = A T
. * x_,m * = = = Propeller jet formula ® dy=830mm
- ,; L (Present study)
-1 I —— Chiew and Lim (1996)
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Figure 6.23 Relationship between Ssmax/Dp and Frg for propeller and circular wall jet conditions

The slopes of the formulas for the propeller and circular jets are significantly different, and
the scour depth has a smaller value for the propeller jet at the same Frq when compared with
the circular jet. This is in agreement with the study conducted by Hawkswood et al. [58]
explaining that a circular jet causes more effective erosion than a propeller jet of a similar
velocity owing to the angle of incidence of the water jet with the bed.

Figure 6.24 and Figure 6.25 display the relationship between Frg and the dimensionless
scour width Bsmax/Dp and length Lsmax/Dp, respectively. These relationships are defined

under the propeller jet mechanism in Equations (6.8) and (6.9).

B

—ex =0,89Fr, (6.8)
D,

Lsmax _ 1.59

D——O.52Frd (6.9)

p
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The solid lines in Figure 6.24 and Figure 6.25 are the formulas proposed by Chiew and Lim
[2] for a circular wall jet and the dashed lines are determined for the propeller jet using the

dataset in the present study.
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Figure 6.24 Relationship between Bsmax/Dp and Frq for the propeller and circular wall jets
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Figure 6.25 Relationship between Lsmax/Dp and Frq for the propeller and circular wall jets

Previous researchers proposed different equations to estimate the maximum scour (Smax)
depth for the time history of scouring process in the literature. Hamill et al. [9] and Hong et
al. [5] studied a propeller jet and took the time required for the determination of Smax into
consideration. Hong et al. [5] defined an equation valid between 0.5 < G/Dp < 2.87 and 5.55

<Frg< 11.1 while considering Dy, G, dso, Frq to estimate the time-dependent scour depth in
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Equation (1.4). This is presented in Chapter 1. Hamill et al. [9] also defined another
equation for estimating the scour depth as a logarithmic function of time valid for the ratio
clearance versus propeller diameter, i.e., 0.5 < C/Dp< 2.5 and 5.55 < Frq < 18.53 and this is

presented in Equation (1.18).

The maximum scour depths at the equilibrium state were calculated by using the equations
defined by Hamill et al. [9] and Hong et al. [5]. The computed results were compared with
the measured Ssmax at the end of each test after the scour formations reached their

equilibrium states under summarized conditions. They are listed in Table 6.2.

Comparison(s) of the measured and predicted values of Ssmax is presented in Figure 6.26 and
Figure 6.27 . using equations proposed by Hong et al. [5] and Hamill et al. [9], respectively.
Both the predicted scour depths with Equation (1.4) and Equation (1.18) underestimated the
measured depths with R?=0.68 and 0.78, respectively.

The equation by Hong et al. [5] underestimated the scour depths approximately 60% less
than the measured scour depths. Their equation was rearranged in the form in Equation (1.4)
to achieve a better consistency between the measured and predicted values (Figure 6.26) as

follows:
k3
Smax LJOt
D_p - klllog10 [D_p]_ kz}
G -0.40 G 0.17
k, =0.042-Fr;*? [—J (—j
Dp dy,

2.302 —0.441
kzzl.sgz.ﬁd-o-oog.(i} (&
D, ds,
G 0.53 G -0.045
K, =2.477 -Fr,>" {—j [—j
D, ds,

A comparison of the measured and predicted scour depths with the modified equation of

(6.10)

Hong et al. [5] is shown in Figure 6.26. The modified equation was applied to all the test
results of the present study for 0.77 < G/Dp < 3.08 and 2.17 < Frg < 15.01. The experimental
data set in the present study has a wider range than previous studies because of the inclusion
of tests conducted on coarser sediment bed materials. Therefore, the modified equation has
been rewritten with larger dataset, and the new equation has yielded a better estimation of

the scour depths with a higher determination coefficient of R?= 0.84.
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Hong et al. [5] governed their equation by using sediment bed material sizes of dso = 0.024
cm and 0.034 cm. However, the modified equation formulated in Equation (6.10) was fitted
by using the dataset of the present study. This dataset included the coarser sediment bed
materials of dso = 0.052 c¢cm, 0.128 c¢cm, 0.4 cm, and 0.83 cm with a smaller propeller

diameter of Dp = 6.5 cm than the one used by Hong et al. [5] .
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1.5 -
o
(=)
~
5 1.0 -
£
A
o]
L
Q
e]
Q05 -
O
Q_,,<_,,.<>"<>°86<>° 8
0.0 T T T 1
0.0 0.5 1.0 1.5 2.0
Measured Ssmax/Dp

Figure 6.26 Comparison between the observed and calculated scour depths using equations
proposed by Hong et al. [5]

Therefore, the propeller speeds were varied over a wider range of the dataset in this study
from 0.0081 cm/sec to 0.0201 cm/sec that corresponds to an approximately 60% higher
efflux velocity than in the study by Hong et al. [5], where the range was 0.0038-0.0068
cm/sec (Table 6.4). Thus, the modified equation defined in Equation (6.10) was governed by
incluiding a wider range of sediment bed materials with smaller propeller diameters at

higher speeds.

The other estimation for the time-dependent maximum scour depth provided by Hamill et al.

[9], was also rearranged to the form in Equation (6.11).

S = Q[IN®]

G 463 [y 358
Q:6.9~1O'4[—j (_] Pyt (6.11)

50 d50
0.742 -0.52
D
rsa (] (2) rien
d50 d50
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Equation (6.11) is valid within the ranges of 0.77 < G/Dp< 3.08 and 2.17 < Frg< 15.01. The
equation by Hamill et al. [9]underestimated the measured scour depths, whereas the

Equation (6.11) yields a better estimation, as can be seen in Figure 6.27.
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Figure 6.27 Comparison between the observed and calculated scour depths using equations
proposed by Hamill et al. [9]

Even though the equation by Hamill et al. [9] provided better estimations than the equation
by Hong et al. [5], both equations underestimated the maximum scour depths when

compared with the results of the present study.

The ranges of the sediment bed material sizes and efflux velocities used in Hamill et al. [9]
and Hong et al. [5]’s studies were limited to similar propeller gaps. It was therefore decided
to extend the test conditions by considering finer and coarser sediment bed material sizes of
dso = 0.052 cm to 0.83 cm and efflux velocities of the propeller of 0.081 to 0.0201 cm/sec in
the present study. An increased range of efflux velocities of 60% more than the ones in the
previous studies led to the observations of deeper scouring formations. That is why both
Hamill et al. [9]’s and Hong et al. [5]’s equations underestimated the scour depths while the
modified equations (Equations (6.10) and (6.11)) that used a data set with a wider range of
greater scour depths, were able to estimate the scour depth more accurately. Thus, the
modified equations had increasing coefficients of Frq and propeller diameters and were able

to predict deeper scours for higher efflux velocities with larger propeller diameters.
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Table 6.4 Range of the data collected for the scours caused by a propeller jet in different

studies
Researchers | G (=C+Dp/2, cm) N Dy (cm) dso (cm) Frg Yo
(m/sec)
Hamill et al. . 6.1,7.6, | 0.076, 0.146, 0.00853,
[7] 75,125,175 3,4,6 13.1 15.4 03 5.55-18.53 0.01219
Hong et al. 0.0038-
[5] 10.5, 15,21 10, 21 0.024, 0.034 | 6.08-10.69 0.0068
Present 0.052, 0.128, 0.0081-
Study 10, 15, 20 4 6.5, 10,13 0.4 0.83 2.17-15.01 0.0201
*These values were given as the distance from the propeller tip to sediment bed (C) by Hamill [9] while gap
(G) is defined as the distance from the centerline of the propeller to the sediment bed.

Estimation of the maximum scour depth (Smax) Without berth structure was investigated by
previous researchers for circular jet and propeller jet as one of the important scour
dimensions. Hamill et al. [9] and Hong et al. [5] studied the propeller jet and took the time
for the determination of Smax into consideration. Also, Hong et al. [5] gave a definition of

Smax both for the circular wall jet and propeller jet by considering Frqc given as follows:

FrdC:4.114-E
D

p

S G -0.022
max 0.955
13-D—:0.265-(Frd-Frdc) -(D—]

p

(6.12)

p

Figure 6.28 shows the change in Smax/Dp versus G/Dp associated data with circular wall and
square jet. In this Figure, simulations of Equation (6.12) for different Frq values were in
good aggreement with data for circular and square wall jet. However, it included very
limited data set for the propeller jet with 6.08<Frq<9.19 for finer sediment bed materials of
ds50=0.024 and 0.034 cm. It was therefore decided to extend the data set for only the
propeller jet, and Equation (6.12) was rearranged by using the data in this study.
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Figure 6.28 Relationship between Smax/Dp and G/Dy, for the circular and square wall jet with
included propeller jet data (Hong et al. [5])

In the present study, their equation has been rewritten as Equation (6.13) with a wider range
of 7.75 < Frg < 15.01 for coarser sediment bed material sizes of dsp = 0.52 to 8.33 mm than
in the study by Hong et al. [5]. This equation was expressed by considering Frqc as 2.1 G/Dp
as previously defined in Equation (6.2) for the initiation of scouring. The estimation of the

dimensionless maximum scour depth, in terms of Ssmax/Dp, is as follows:

FrdC:Z.lE
D

p

S =[G
== = 0.57(Fr, -, ) -[D—

11
} for 2.82 <Fr, < 15.01 (6.13)
p p

Figure 6.29 shows the relationship between Ssmax/Dp and G/Dp for the propeller jet only.
Based on the bed material sizes, Frq had different values between 2.82 < Frq < 15.01, for the
fine and coarse bed materials with dso = 0.52 mm, 1.28 mm, 4.0 mm and 8.3 mm. Thus, the
Equation (6.13) has been written to determine the Ssmax With different propeller speeds
within 590 — 745 rpm valid for 0.77 < G/Dy < 3.08. This equation agrees with the data of
0.87 as shown in Figure 6.29. This figure also shows that Ssmax/Dp decreases with increasing
G/Dyp, and it is similar to the results in the study done by Chiew and Lim [2] for a circular jet

that attributes this trend to jet diffusion.

Ssmax for coarser bed material had smaller values than the values for finer bed materials.

Thus, Ssmax/Dp for coarser bed materials (dso= 8.30 mm and 4.00 mm) had values below the
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linearized plots of Equation (6.13) while Ssmax/Dp for finer bed materials (dso= 1.28 mm and
0.52 mm) was above this line.
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Figure 6.29 Relationship between Ssmax/Dp and G/D, for the propeller jet mechanism

Hamill et al. [9] also provided an expression for the estimation of the maximum scour depth
location (Xmu) for the unconfined cases as illustrated in Figure 6.13 with Equation (6.14) as
follows:

X, =Fry¥C

(6.14)
C=G-D, /2

where C is the clearance of the propeller, Dy is the diameter of the propeller, and Frq is the
densimetric Froude number.

In the present study, Equation (6.15) is proposed to obtain the Xmu by using the relationship
between the rotation speeds and the gaps of the propeller. Equation (6.15) is suggested based
on a higher correlation agreement of R? = 0.90 (Figure 6.30) in comparison with Hamill et
al. [9]’s Equations.

X
mu :Fr0-724 (6 15)
0.090.91 d .
G™*D]
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Figure 6.30 Comparison between the observed and calculated maximum scour depth location (Xmy)
using the equation proposed by Hamill et al. [9]

6.2 Scour Formation Around Pier Piles

Container vessels, ro—ro vessels, and ferries, are known to be the major contributors to the
erosion problem encountered near berth structures. PIANC [28] reported that the scouring
damage incurred by propellers and transverse thrusters during berthing and/or unberthing
conditions, without the use of tugs, was first discovered at ro-ro and ferry berths.
Investigations of scouring problems have been studied upon consideration of different types
of berths. For example, Sumer and Fredsee [57] have defined the closed - type and open -
type structures. However, there have been very limited studies on the scouring due to
propeller jets for piled berths as open-type structures. This is because the scour formed near
pile - supported structures is a more complex problem owing to pile obstruction and jet
diffusion mechanisms, as reported by Chin et al. [8]. Among the earlier reseachers study
who conducted experiments either with or without confined jets are such as; Blaauw and
Van der Kaa [1], Verhey [23], Hamill [7], Stewart [12], Hashmi [13], Hong et al. [5],and
who conducted experiments on scouring processes are such as Wei and Chiew [26] . They
proposed equations for the estimation of the scour depth both for the unconfined and
confined cases with quay walls. Scour, piled near the supported structures is more complex
including; (1) scour around the piles, in particular those near the berthing face and (2) scour
of the slopes underneath the quay, as PIANC [28] reported. Chin et al. [8] and Yuksel-Ozan
and Yuksel [59] investigated the scour around a vertical pile with a physical model under

circular wall jet effect.

148



In addition, Hoffmans [60] stated that the dimensions of the scour hole should be known for
the hydraulic structures since these structures could collapse into their scour holes owing to
erosion. In accordance with this aim, scour depths should be investigated at the toe of piles
(So) as one of the primary scour dimensions. Hamill et al. [9] gave an estimation of the scour
induced by propeller jets for the unconfined and confined conditions with closed-type quay
walls. Hong et al. [5] also examined the scouring process induced by a single propeller jet
without considering any structures, and defined equations used to estimate the scour. Yew
et al. [25] investigated scouring process with the absence of berth structure and proposed
equations for prediction of the scour induced by twin-propeller wash. Mujal-Colilles et al.
[61] studied the scouring process due to a single propeller jet and they used the data set at a
particular basin’s bathymetries during a specific period. They also evaluated the proposed
equations for the estimation of the scour depth with considering the data obtained from the

basin field.

Wei and Chiew [26] investigated the scouring action induced by a ship propeller jet in an
open type quay with an armored slope and vertical skirting. Wei and Chiew [26] examined
three dimensional flow fields and turbulence characteristics of propeller jets in the presence
of a plane bed boundary using the particle image velocimetry (PIV). Wei and Chiew [62]
extended their study for a better understanding of scouring action in an open type quay by

considering velocity and turbulence data by using the PIV technique.

This chapter of the present study aims to extend laboratory tests on the scouring induced by
a ship propeller jet during berthing and / or unberthing for pile -supported, pier type berth
structures. The tests already undertaken in the experimental flume without obstruction was
extended with the effect of the confinement of the propeller wash by a pile obstruction. The
effect of different sand bed material, pile diameter with different propeller speeds and

diameters on scour formation around pile were investigated.

Model tests were performed with the same experimental conditions as defined for no pile
cases. Tsinker [34] also stated that one of the main factors which affects the propeller-
induced scour in design is the position of the propeller in relation to underkeel clearance.
The gap between the propeller axis and the sand bed (G) was chosen by considering the
recommended minimum of 1.5 m of the underkeel clearance in fairways and maneuvering
areas. Thus, the model propeller’s dimensions were adjusted to 10 cm, 15 cm and 30 cm for
1.50 m, 2.25 m and 3.00 m prototype gap heights, respectively.
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In the experimental model, pile obstructed tests were conducted using plexiglass pile
diameter of 4 cm, and two steel piles that had diameters of 9 cm and 14 cm with
corresponding to the prototype pile diameters of 0.6 m, 1.35 m, and 2.1 m, respectively, for
the same geometrical scale factors used for the propeller diameters at a scale of 1:15

presented in Chapter 5.

Totally 381 tests were conducted by changing variables such as; propeller diameters (6.5
cm, 10 cm, 13 cm), propeller speeds (745, 670 and 590 rpm when frequency regulator was
adjusted at 40, 45 and 50 Hz) gap of the propeller (G=10, 15 and 20 cm) on four different
sediment bed material sizes (ds0=0.52 mm, dso=1.28 mm, dso=4 mm and dsc=8.3 mm).

Each test was repeated by changing one variable at a time, and keeping all other parameters
constant in the instance when the pile was fixed at a location of X=10 cm apart from the
propeller’s face. In addition, this distance was subsequently tested at different pile locations
(X=10, 20, 30, 40 cm) with 4 cm pile on finer sediment bed size of 1.28 mm. All test
conditions are listed in Table 6.5.

Table 6.5 Experimental conditions for tests with piles

Defined Parameters of the Experimental Tests with Piles
(do, cm) | (dso,mm) | (G, cm) (Dp, cm) (rpm) (X, cm)
0.52 10/15 /20 6.5/10" 590/ 670 / 745 10
4 1.28 10/15/20 6.5/10/13 590/ 670/ 745 10, 20, 30, 40
4.00 10/157/20 6.5/10/13 | 590/670/ 745 10
8.30 10/15/20 6.5/10/13 590/ 670/ 745 10
0.52 10/15/20 6.5/10" 590/ 670/ 745 10
9 1.28 10/15/20 6.5/10/13 590/670/ 745 10
4.00 10/15/20 6.5/10/13 590/ 670/ 745 10
8.30 10/157/20 6.5/10/13 | 590/670/ 745 10
0.52 10/15/20 6.5/10" 590/670/ 745 10
14 1.28 10/15/20 6.5/10/13 590/670/ 745 10
4.00 10/15/20 6.5/10/13 | 590/670/ 745 10
8.30 10/15/20 6.5/10/13 590/670/ 745 10
*Tests for Dp=13 cm on the sediment bed of ds;=0.52 mm, are not included because during the tests the scour
depth reached the bottom of the flume.

At the end of each test, scour profile formations were measured by using a limnimeter
(Figure 6.31) when they reached at the equilibrium stage. This final scour profile termed as

scour profile, varied within a range of + 1 mm during the experiments. After the propeller
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rotation started scour profiles reached their asymptotic stages after 160 minutes later. This

duration is also the same duration for the initiation of scour without pile cases.

Figure 6.31 Scour profile measurements by using a limnimeter

The critical conditions necessary for the initiation of scour formation due to propeller jet
flow around a pile type berth structure were investigated by executing all the tests listed in
Table 6.5 with 1.91< Frg< 15.01. Figure 6.32 shows the cases without scour and with

scour conditions.
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Figure 6.32 Critical curve for initiation of scour with the presence of a pile type structure
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In Figure 6.32 the left hand side of the line represents the conditions without scours, whereas
scour hole formations at the toe of the pile, are shown on the right hand side. The critical
densimetric Froude number (Frqc) for the initiation of the scour hole around the pile was

obtained with respect to G/Dy, given as follows:

Fr,, =1.9DE for 3.08> DE >0.77 (6.16)

p p

Equation (6.16) has given similar Frqc as Equation (6.2) with coefficient 2.1 in the absence
of pile. This is because the scour forms in an easier manner around a pile than no pile
conditions, due to downflows and vortex flow field at the toe of pile which initiates scouring

on sand bed.

In the existence of pile various scour profiles are formed when compared with the absence
of pile case conditions. Hamill [7] reported that the scour profile induced by an unconfined
propeller jet is nearly symmetrical along the jet centerline. The same situation is observed

for scour profiles with the absence of pile cases as seen in Figure 6.33.

Figure 6.33 Typical plan view of a scour profile without pile for sediment bed of dso=0.52
mm (Dp=10 cm at 590 rpm)

However, scour profiles with pile at the asymptotic state were observed as slight
asymmetrical deposition on its transverse side. As an example; scour profiles with left hand
propeller (Dp=10 cm) when looking upstream toward the propeller which rotates in the
counterclockwise direction are given in Table 6.6 (b). It is seen that the profiles have higher
deposition mounds on their right. Wei et al. [63] also explained that the asymmetrical
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formation may be produced due to the propeller jet is inherently a swirling jet, which is
axisymetric when looking upstream toward the propeller.

Table 6.6 Scour formations with pile conditions

Photographs of the Scour Formations with Pile Obstructions Test Conditions

(@) Dp=10 cm,

at 590 rpm

G=10cm,
d50=0.52 mm

do=4 cm pile

(b) Dp=10 cm,

at 590 rpm

G=10cm,
ds50=0.52 mm

do=9 cm pile

(c) Dp=10 cm,

at 590 rpm

G=10cm,
d50=0.52 mm

do=14 cm pile
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The flow pattern with the existence of a cylindrical pile changes and it is characterized with
water surface roller and downflow in front of the pile, vortex-shedding in separation zone,
wake flow downstream of pile, generation of horseshoe-vortices in the scour hole as given in
Figure 4.3 (Qi and Gao [64]).

Maximum scour depth always occurred at the toe of the pile as Type 3 profiles showed for
the larger pile diameters of 9 cm and 14 cm. However, downstream scour (Sq) may be
greater than S, with relatively smaller pile diameters for do = 4 cm. This is because an
increase in the pile diameter will cause more severe downflows and vortex mechanisms at
the front-end of the pile. Thus, for relatively smaller pile diameters, i.e., G/do > 2.3,
maximum scour depth forms downstream of the pile. This scour may either be equal to the
scour formed at the upstream section of the pile or smaller than that.However, for larger pile
diameters, i.e., G/d, < 2.3, local maximum scour was formed only at the upstream toe of the
pile because at a larger pile diameter G/d, (< 2.3), the pile acts as a blockade and alters the
jet flow pattern, causing lower flow at the downstream section of the pile while more severe
downflows occur at the upstream of the pile. Examples are given in Figure 6.64 for the scour
formation in two different test conditions for Frq =7.73. Vortices formed at the upstream of
the pile create bigger scour formation in the case where G/d,=2.22, as depicted in Figure
6.64 (a) when compared with smaller pile diameters of G/do=5.0, as depicted in Figure 6.64
(b) under the same flow conditions. These figures show that the diameter of the pile is a very

effective parameter on scouring formation.

Qo W e

(a) (®)

Figure 6.34 Scour formations on the sediment bed of ds0=0.52 mm for Dy=6.5 cm propeller
speed590 rpm, X=10 cm and G=20 cm with (a) do=9 cm and (b) do=4 cm

The three different scour profiles were observed, when the cylindrical pile was located at X
= 10 cm apart from the propeller face, for tested conditions with different pile diameters,

propeller speeds and gaps on four different sediment beds. These scour profiles were
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characterized by considering all scour profiles obtained at the equilibrium state at given test
conditions for pile obstructed cases. These scour profiles were schematized in Figure 6.35.
This figure shows equilibrium scour depth at the toe of pile (So) and at the downstream of

the pile (Sq) defined as significant scour depths for the description of scour profiles.

Mo, So=<S8d

ﬁjﬂ :

| |
- I'small ScodrHole -~~~ - ‘ .1 Scour Around Pile 1 Deposition Mound 1.

(@) Type 1; So< Sq with small scour hole

B Scour Around Pila ‘ Deposition Mound b

(@) Type 2; So< Sq without small scour hole (transition)

So>8d

do !
—
|

N IR _ScourAmundPi\e:-_-L- R I “Deposition Mound LRRRRRREE

(c) Type 3; So > Sq without small scour hole

Figure 6.35 Characteristic scour profiles induced by propeller jet flow around a pile
structure

Maximum equilibrium scour depth (Ssmax), scour depth at the toe of pile (So) and at the
downstream of the pile (Sq) defined in Figure 6.35 are significant parameters for the
description of scour profiles. Sq were measured between Dp and 4.5D; distance away from

pile face at the downstream section.
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At equilibrium states, Type 1 and Type 2 scour formations were observed when the scour
depths at the upstream toe of pile were equal to the scour depth or smaller than that at the
downstream section (Sq). The profile for Type 1 has a distinct formation of a small scour
hole beneath the propeller which differs from the profile for Type 2. Type 3 scour formation
was observed when the maximum equilibrium scour depth was formed at the toe of the pile

(So).

Type 1 and Type 2 profiles were observed for only 4 cm pile diameter at different test
conditions such as; gaps of 10, 15, or 20 cm, propeller diameters of 6.5, 10, or 13 cm and
propeller speeds of 590, 670, or 745 rpm on different types of sediment beds defined for dso
=0.52 mm, 1.28 mm, 4 mm and 8.3 mm. Type 1 and Type 2 scour formations were defined
for a pile diameter of do= 4 cm as seen in Table 6.7 (a) and (b) while Type 3 scour profiles
were formed with larger pile diameter sizes of do=9 cm and 14 cm (Table 6.7 (c), Table 6.7

(d)) for the same propeller diameter, speed, bed material and pile location.

Table 6.7 Measured scour profiles for different pile diameters (do)

Test Photograph of Scour Scour Profile
conditions Formation
Dp=10 cm €
G=15cm - |
Rpm=745 ! N -
d50:0'52 mm g rimgsg_a% 15 25 30 35 40 45 50 55 60 65 70 75 80 85 SBM_I‘:?:T;&HS 130 135?3:2:;155 160
X=10 cm . LY et
d0=4 cm m'"m.a., — 1 X - Horizontal Distance (cm)
Type 1 @)
=2
Dp=10cm T
G=10cm § |
g SE TN
Rpm=745 |-
< v N
d50=0.52 mm .3 ’Eﬁ\i\ 5110 15 25 30 35 40 45 50 55 60 65 70 75 80 85 90 SMN 115 120 125 130 135 140 145 150 155 160
2 e
X=10cm o b’““k Wﬁ”’f
do=4 cm
Type 2 X - Horizontal Distance (cm)
(b)
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Table 6.7 Measured scour profiles for different pile diameters (cont’d)

Dp=10 cm

G=15cm T

Rpm=745 E
2 N\

dso=0. 8

50=0.52 mm S / \

X—]_O Cm g 30 35 40 45 50 55 60 65 70 7%5 100105110115120125130135140145 150
“» //

do=9 cm —

X - Horizontal Distance (cm)
(c)

Dp=10cm 25

G=15cm T
‘g 15

Rpm=745 5o

dso=0.52 mm : //’"/\\

g

X:lO Cm 5 35 40 45 50 55 60 65 70 0 85 90 95 100105110115120125130135 140145150
é /ﬂ/

do=14 cm - ——

X - Horizontal Distance (cm)

The pile diameter is a dominant parameter for the growth of scour Type 3. Thus, the
distinction between Type 3 and Types 1-2 may be defined based on the gap ratio (G/do) that
is related to the pile diameter (do) for all the tested experimental conditions. Figure 6.36
shows the distinction of the scour observed with smaller pile diameters (G/d, > 2.3) and

Type 3 scour was formed when G/d, < 2.3 in the experiments.

Specified limit may not be defined between Type 1 and 2 scour profiles which is identified
with the existence of the small scour hole beneath the propeller for pile cases in Table 6.7
(@) and (b). However, Type 2 may be classified as a transition profile type, but there is a
limit for existence of the small scour hole with respect to dimensionless parameter of G/Dy

versus Frq (Equaiton (6.3)) for no pile case in Figure 6.11.
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Figure 6.36 Type 1, 2 and 3 scour formations with respect to the G/d, versus Frq

Small scour formations induced by propeller jet for Type 1 and 2 depend not only propeller
gaps but also the propeller sizes and speeds. Increasing propeller speeds and sizes cause
stronger horshoe vortices and increase the reversed flows at the upstream face of the pile.
So, small scours disappear under the propeller and large scour holes form around the pile as

seen in Figure 6.37.

Chin et al. [8] investigated the formation of the scour hole mechanism due to circular jet
around a vertical pile. They stated that scouring around pile occured due to ‘Pile obstruction
mechanism’ or ‘Jet mechanism’ according to the distance between the pile and the jet as
impinging distance. Pile obstruction mechanism occurs due to the small impinging distance
of jet flow onto the pile. Thus, the downflow due to the deceleration in front of the pile and
the latter horseshoe vortex with the deflected flow into scour hole cause scouring at the toe
of pile and maximum scour depth is observed at the toe of pile. However, the jet mechanism
is effective with the large impinging distance because scouring formation cause

predominantly due to the jet diffussion instead of obstruction.
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Figure 6.37 Schematic view of the flow pattern around the vertical pile

Although Chin et al. [8] investigated scour formations around a pile under a wall jet
mechanism, the presented observations of this study were discussed with their results. They
defined four different scour profile formations by changing location of the pile on the
sediment bed without considering the gap of the jet. Chin et al. [8] classified scour profiles
based on impingement distance which is the distance between the pile and orifice face for
circular wall jets. They defined scour profile types with respect to the ratio of impingement
distance to the jet diameter (X/Do) (Figure 1.13 in Chapter 1). In accordance to this
impingement distance, they determined the predominant effective mechanism on scouring
formation. They stated that scouring formation was caused by two combined effects’s
obstruction and jet mechanism. In the present study, predominant mechanism on scour
profiles were evaluated by taking pile diameters into consideration since the location of pile
was kept constant at X=10 cm. As an example, Type 3 scour formation was observed when
the pile diameter was increased to 9 cm and 14 cm. Thus, increasing the diameters of piles
cause more intensive downflows at the face of pile and they deepen the scour hole at the toe.
In addition, small scour formation beneath the propeller disappeares with stronger reverse
flow. Thus, effective mechanism on scouring formation for Type 3 occurs mainly due to the
pile obstruction which is more effective than on Type 1 or 2 scour profiles. However, Type
1 and Type 2 scour formations have weaker downflows for smaller pile diameters (do=4
cm). Also, more erosion takes place at the downstream section of the pile as a result of
separation of the flow from the side edges of pile due to the wake vortex for Type 1 and 2

formations. However, the separation at the sides decreases, so the wake vortex does not
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produce erosion at the downstream section of the pile as much as it occurs with Type 1 and
2 than Type 3 profile. Instead, the flow creates more horshoe vortex with increasing
downflows at the upstream section of pile and maximum scour always occurs at the

upstream toe of pile.
6.2.1 Effects of Pile Diameters, Bed Material Sizes, Propeller Diameters and Speeds

An extensive series of tests were carried out with various sizes of circular cross-section piles
that had the ranges of 4 cm, 9 cm and 13 cm. Four different sediment bed materials, three
different propellers with different speeds and specified gaps were also taken into
consideration as effective parameters to define the scour dimensions. In the present study,
test conditions were limited to cicular piles of 0.77 < G/Dp < 3.08 and 1.92 < Frq < 15.01.
The following sections of the study define the equilibrium scour depth around the piles with

nondimensional parameters.

A flow pattern changes substantially when a vertical circular pile is placed on the sediment
bed (Figure 6.37). Scour formation changes significantly with the existence of a vertical pile
when compared with the absence of pile cases. Sumer and Fredsoe [44] indicated that scour
depth around a pile in steady current, was influenced by various factors such as shields
parameter, sediment material sizes, sediment size to the pile size ratio and the shape factor
of the bed material.

In the present study, in addition to the effects of bed material and effects of pile diameter
sizes in accordance to the developing of scour around piles, propeller speeds and gaps are

also taken into consideration individually under propeller jet flows.

Scour depth over propeller diameter (So/Dp) with and without pile conditions are defined by
dimensionless parameters of Frg, Rep and Rer in Figure 6.38, Figure 6.39 and Figure 6.40,

respectively.

So/Dp are shown for propeller diameter of 6.5 cm and 10 cm with three different speeds of
590 rpm, 670 rpm, and 745 rpm on the finest sediment bed (dso=0.52 mm) for constant gap
G=10 cm in Figure 6.38. In this figure the scour depth which is X=10 cm away from the

propeller face is defined as Sio for no pile cases.

Relative scour depth at the toe of pile (So/do) increases with increasing Frq (Figure 6.38).
Scour depths (So) with pile cases are always greater than the cases with the absence of piles
(S10) which are measured at the same location from the propeller face.
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Figure 6.38 Variation of So/Dp and S10/Dp With Frg over bed of dso=0.52 mm (Dp=6.5 cm
and 10 cm at propeller speeds of 590 rpm, 670 rpm and 745 rpm)

Similarly, relative scour depth (So/Dp) increases with increasing Rep and Res in Figure 6.39
and Figure 6.40. Figure 6.38 also shows that scour depth (So) increases at the toe of pile with
increasing pile diameter, and the same increment was obtained for So/Dp versus Rer and Rep

numbers as seen in Figure 6.39 and Figure 6.40.
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Figure 6.39 Variation of So/Dp and S10/Dp With Rep over bed of dsg=0.52 mm (Dp=6.5 cm
and 10 cm at propeller speeds of 590 rpm, 670 rpm and 745 rpm)
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Figure 6.40 Variation of So/Dp and S10/Dp with Rer over bed of dsg=0.52 mm (Dp=6.5 cm
and 10 cm at propeller speeds of 590 rpm, 670 rpm and 745 rpm)

So/Dp versus Frq were depicted in Figure 6.41, Figure 6.42 and Figure 6.43 for sediment beds

of dsp=1.28 mm, 4.0 mm and 8.3 mm, respectively. In these figures relative scour depth

(So/Dp) variations versus Frq have the same tendency as on fine bed material of dso=0.52 mm

(Figure 6.38).
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Figure 6.41 Variation of So/Dp and S10/Dp with Frq over bed of dso=1.28 mm (Dp=6.5 cm, 10
cm and 13 cm at propeller speeds of 590 rpm, 670 rpm and 745 rpm)
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Figure 6.42 Variation of So/Dp and S10/Dp with Frgq over bed of dso=4 mm (Dp=6.5 cm, 10
cm and 13 cm at propeller speeds of 590 rpm, 670 rpm and 745 rpm)

Trendlines for So/Dp versus Frq show that with increasing bed material sizes, trendlines for
the scours at the toe of pile come closer without pile conditions on the sediment beds of
ds50=0.52 cm, 1.28 cm, 4.0 mm and 8.3 mm in Figure 6.38, Figure 6.41, Figure 6.42, Figure
6.43, respectively. Also, scour depth (Si0) without pile cases are always smaller than pile
cases as seen in these figures.
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Figure 6.43 Variation of So/Dp and S10/Dp with Frq over bed of ds0=8.3 mm (D,=6.5 cm, 10
cm and 13 cm at propeller speeds of 590 rpm, 670 rpm and 745 rpm)

Another dimensionless parameter of So/do was depicted versus Rer, Rep and Frqg in Figure
6.44, Figure 6.45 and Figure 6.46, respectively. These figures indicate So/d, increase with
increasing Reyf, Rep and Frq on the sand beds (dso=0.52 mm) for the test conditions of Dp=

6.5 cm and 10 cm at 590 rpm, 670 rpm, 745 rpm. Similar tendency was obtained for the
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other sand bed materials of dsp=1.28 mm, 4.0 mm and 8.3 mm as seen in Figures A.69 -
AT74.
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Figure 6.44 Variation of So/d, with Res on sediment bed of dsp=0.52 mm (Dp=6.5 cm and 13
cm at propeller speeds of 590 rpm, 670 rpm and 745 rpm)
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Figure 6.45 Variation of So/d, with Rep on sediment bed of dso=0.52 mm (Dp=6.5 cm and 13
cm at propeller speeds of 590 rpm, 670 rpm and 745 rpm)
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Figure 6.46 Variation of So/do with Frg on sediment bed of dsg=0.52 mm (Dp=6.5 cm and 10
cm at propeller speeds of 590 rpm, 670 rpm and 745 rpm)

Variation of So/d, versus Frqg for the other sediment bed material sizes of dso = 1.28 mm, 4

mm and 8.3 mm are given in Figure 6.47, Figure 6.48 and Figure 6.49, respectively. These

figures indicatethat the values of So/d, have lower limits for the smaller pile diameter (do=4

cm) while they have higher limits for the greater pile diameter of do=14 cm.
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Figure 6.47 Variation of So/do with Frg on sediment bed of dsg=1.28 mm (Dp=6.5 cm, 10 cm
and 13 cm at propeller speeds of 590 rpm, 670 rpm and 745 rpm)
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Figure 6.48 Variation of So/do with Frg on sediment bed of dsp=4 mm (Dp=6.5 cm, 10 cm
and 13 cm at propeller speeds of 590 rpm, 670 rpm and 745 rpm)

Scour (So) was observed for the test conditions of Dp=6.5 cm, 10 cm and 13 cm propellers
with rotation speeds of 590 rpm, 670 rpm and 745 rpm on the sediment beds of dsp=1.28 mm
and 4.0 mm as shown in Figure 6.47 and Figure 6.48, respectively. There were no scours
formed for Dp=6.5 cm propeller at 590 rpm, 670 rpm and 745 rpm on coarser sediment bed
of dso=8.3 mm for small Frq numbers (Frq < 2.44) (Figure 6.49).
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Figure 6.49 Variation of So/do with Frq on sediment bed of dso=8.3 mm (Dp=6.5 cm, 10 cm
and 13 cm at propeller speeds of 590 rpm, 670 rpm and 745 rpm)

As the bed material size increases, So/do, decreases as shown in Figure 6.47, Figure 6.48 and

Figure 6.49. Increasing So/do values versus Frq on each sediment bed were indicated for
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each propeller diameter (Dp=6.5 cm, 10 cm and 13 cm) in Figure 6.50, Figure 6.51 and
Figure 6.52, respectively.
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Figure 6.50 Relationship between So/do with Frg on different sand beds for different speeds
(590 rpm, 670 rpm, 745 rpm) of Propeller - 65 mm at X=10 cm, G=10 cm

These figures indicate that, So/do increases with increasing Frq related to the propeller speeds
of 590 rpm, 670 rpm and 745 rpm. S, has the maximum value of So=3.3d, for the fine bed
material of dsp=0.52 mm, Dp=10 cm at 745 rpm for the pile diameter of do=4 cm while
minimum value is 0.14d, for the coarse bed material of ds0=8.3 mm for Dp=10 cm at 745
rpm for do=14 cm (Figure 6.51). So/do varies within the range of 0.14 — 3.3 by considering

all scour formations for 2.44 < Fr, <15.01 on the sediment bed sizes from dsp=0.52 mm to

8.3 mm.
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Figure 6.51 Relationship between So/do, with Frg on different sand beds for different speeds
(590 rpm, 670 rpm, 745 rpm) of Propeller - 100 mm at X=10 cm, G=10 cm
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Figure 6.52 Relationship between So/do with Frq on different sand beds for different speeds
(590 rpm, 670 rpm, 745 rpm) of Propeller - 130 mm at X=10 cm, G=10 cm

Scour profiles were defined by Xc, Xpc, Lpt and Lpmax are shown in Figure 6.53, where, Xc is
the horizontal distance from the propeller’s face to the deposition crest, Xy is the horizontal
distance from the pile face to the deposition crest, Lpmax i the maximum length of the scour
hole around the pile at the equilibrium state for pile cases and Ly is the total length of the

scour hole at the equilibrium state, Bsmax is the width of the scour hole for pile cases.
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Figure 6.53 Schematic of scour profile with a pile at the equilibrium state induced by the
propeller jet
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Scour profiles changed significantly for different sand beds of dsp=0.52 mm, 1.28 mm, 4.0
mm and 8.3 mm, even though the propeller speed and diameter were kept constant. Scour
depths (So) at the toe of the 4 cm pile decrease and the deposition crests are formed closer to
the pile for coarser sediment beds as seen in Figure 6.54. Similar conditions were observed

for relatively larger pile diameters of do=9 cm and 14 cm as seen in Figure 6.55 and Figure

6.56, respectively.
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Figure 6.54 Scour profiles around the 4 cm pile on different beds with D,=10 cm, at 745
rpm, and at G=10 cm

Scour profiles over sediment beds of ds0=0.52 mm to 8.3 mm for all defined propeller

diameters and speeds are given in Figure A.75 - Figure A.101.
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Figure 6.55 Scour profiles around the 9 cm pile on different beds with Dp=10 cm, at 745
rpm, and at G=10 cm
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Figure 6.56 Scour profiles around the 14 cm pile on different beds with D,=10 cm, at 745
rpm, and at G=10 cm

Overall length of the scour hole (Lpt) and th length between the propeller face and deposition
crest (Xpc) decrease with increasing pile diameters for all the sand bed materials with the
same test conditions. Scour profiles with pile (do=4 cm) cases for the same propeller
diameter and speed (Dp=10 cm with 745 rpm) are given in Figure 6.54. Other conditions
(propeller diameters of Dp=13 cm and 6.5 cm tested with propeller speeds of 590 rpm, 670
rpm and 745 rpm) of all tested sand beds are given in Figure A.75 — Figure A.101.

Similarly, Figure 6.57 indicates scour profiles with and without pile conditions on the same
sediment bed of dso=0.52 mm. Pile diameter (do) has significant effects on scour formations.
If the pile diameter increases on the same sediment bed from do=4 cm to 9 and 14 cm, also
the scour depth (So) increases for the same propeller diameter and speed as seen in Figure
6.57, Figure 6.58, Figure 6.59 and Figure 6.60. However, the distance between deposition
crest and the pile (X,c) decreases with increasing pile diameter on the same sediment bed
material. Figure 6.57 also, reveals that the overall length of the scour hole (Lpt) with pile
cases is shorter than the scour length for no pile conditions. Similar conditions were
observed for different sediment bed materials as seen in, Figure 6.58, Figure 6.59 and Figure
6.60.
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Figure 6.57 Scour profiles with and without pile cases on dsp=0.52 mm sediment bed (Dp=10

cm, G=10 cm, at 670 rpm)

The deposition crest was formed closer to the piles with increasing pile diameters on the

same sediment bed when the experimental conditions such as; the gap, propeller diameter

and speed were kept constant as seen in Figure 6.57, Figure 6.58, Figure 6.59, and Figure

6.60. Other conditions (propeller diameters of Dp=13 cm and 6.5 cm at all tested speeds at
590 rpm, 670 rpm and 745 rpm) are given in Figures A.102- A.119 and Figures A.128-

A.176.
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Scour Depth (cm)
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-20
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—+—scour profile with do =4 cm

—=—Scour profile with do=9 cm
scour profile with do=14 cm

X - Horizontal Distance (cm)

Figure 6.58 Scour profiles with and without pile cases on dso=1.28 cm sediment bed (Dp=10

cm, G=10 cm, at 670 rpm)
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Figure 6.59 Scour profiles with and without pile cases on dso=4 mm sediment bed (Dp=10
cm, G=10 cm, at 670 rpm)
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Figure 6.60 Scour profiles with and without pile cases on dsp=8.3 mm sediment bed

(Dp=10cm, G=10cm, at 670 rpm)
The length of the scour hole (Lpmax) and the maximum scour depth (Smax) around a pile
located at X=10 cm away from the propeller were measured at different gaps and speed
settings of the three propellers, on four uniform sand beds. The width of the scour hole
(Bsmax) was only measured on the finer sediment bed material of dso=0.52 mm. The width of
the scour hole (Bsmax) Was measured under test conditions of Dp=6.5 cm and 10 cm propeller
speeds of 590 rpm, 670 rpm and 745 rpm; G=10 cm, 15 cm and 20 cm for 7.83 < Frg <
15.01 and 1.00 < G/Dp < 3.08. Bsmax/Dp Vversus Frq in the presence and absence of piles are
given in Figure 6.61.

The linear response of Bsmax/Dp associated with the data in cases where piles are absent
tends to elicit values that are higher compared to the responses elicited when piles are

present for greater densimetric Froude numbers (Frq > 10), as seen in Figure 6.61. The
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Figure also reveals that the widths of scour holes induced by the propeller jet are different
for tests conducted with circular jets. Equation (6.17) is defined as the relationship between

Frq and the relative width of the scour hole (Bsmax/Dp) caused by the propeller jet as follows,

—Bgnax =1.19Fr,”* (6.17)

p

Trend lines of Bsmax/Dp for both pile and no pile conditions are practically the same in (6.17)
However, the flow may be dominated by pile obstruction for pile cases while the jet

mechanism dominates on flow conditions for no pile cases.

100.0 -
0.89 Fry®8=B, ../ D,
100 1.90 Fr,075=B,,../D,
g 1.19 Fr282=B,,_./D,
E
o
1.0 4
--0-- Present Smdy (No Pile) Propeller Jet
—X— Present Study (Pile) Propeller Jet
Chiew and Lim (1996)  Circular Jet
0.1 T |
1 10 100
Fry

Figure 6.61 Relationship between Bsmax/Dp and Frq with do =4 c¢cm, 9 cm, and 14 cm, with
and without piles, based on propeller jet mechanisms on a sand bed with dso = 0.52 mm

Other characteristic dimensions of relative length and scour (Lpmax/Dp and Smax/Dp) for pile
conditions (do=4 cm, 9 cm and 14 cm) are also plotted as a function of Frq and they are
compared with the values obtained from the cases without pile conditions. The Lpmax/Dp and
Smax/Dp data collected in the presence of piles are shown to be scattered around the data
elicited in the case when piles are absent (Figure 6.62 and Figure 6.63). Thus, the relations
of Lpmax/Dp and Smax/Dp Versus Frq do not elicit a good correlation, as shown in without pile

condition.

Comparisons of Bsmax/Dp, Lsmax/Dp, Ssmax/Dp Versus Frq for the lack of pile and pile data, are
given in Figure 6.61, Figure 6.62 and Figure 6.63, respectively. As seen in these figures, the
lack of pile and pile data are mostly scattered in areas below the predicted values based on

the formula proposed by Chiew and Lim [2]. This is because the propeller jet has more
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turbulent flow type than the flow jet. Highly turbulent propeller jet decays more rapidly than

the flow jet. Hence, scour dimensions of propeller jet flows are smaller.

Therefore, the reason for this decay is mostly caused due to the nature of unducted propeller.
Propeller jets have a rotational flow velocity in the jet and swirl at the tip of the propeller
blades as stated in PIANC [28] report. The results of unducted propellers when compared
with the results of circular jets, have higher turbulence level, a shorter length of the flow

establishment zone and a wider radial spread.

Lpsmax/Dp values are also below the Chiew and Lim [2]’s water jet formula and scattered
around the line associated with no pile cases (Figure 6.62). However, most Ssmax/Dp Values
for pile cases lay between the lines corresponding to propeller jet (with no pile) and water jet
(Figure 6.63).
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Figure 6.62 Relationship between Lsmax/Dp and Frg with do=4 cm, 9 cm, and 14 cm, with
and without piles, based on propeller jet mechanisms on sand beds with dso=0.52 mm, 1.28
mm, 4.0 mm, and 8.3 mm
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Figure 6.63 Relationship between Smax/Dp and Frq with do=4 cm, 9 cm, and 14 cm, with
and without piles, based on propeller jet mechanisms on sand beds with dso=0.52 mm, 1.28
mm, 4.0 mm, and 8.3 mm

6.2.2 Effects of the Propeller Gap

Vessels like ro-ro ships have different propeller gaps fitted on the stern or bow. Thus, scour
profiles for changing vertical distance of propellers from the sea bed (gap) were investigated
while other parameters were kept constant. In the present study, the gap of the propeller (G)
was adjusted 10 cm above from the sand bed and all tests were repeated for G=15 cm and 20

cm.

Variations of S¢/Dp with Frg given for G=10 cm and 15 cm and G=20 cm on a sediment bed
of dso=0.52 mm are given in Figure 6.64, Figure 6.65 and Figure 6.66, respectively. These
figures indicate that So/Dp increases with increasing Frq and trendlines indicate the same
tendency for diffrent gaps of the propeller with G=10 cm, 15 cm and 20 cm. Similar results
were obtained for coarser bed materials of dsp=1.28 mm, 4.0 mm and 8.3 mm as seen in
Figure A.120 - Figure A.127.
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Figure 6.64 Variation of So/Dp with Frgq on sediment bed of dso=0.52 mm (G=10 cm)
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Figure 6.65 Variation of So/Dp with Frgq on sediment bed of dso=0.52 mm (G=15 cm)
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Figure 6.66 Variation of So/Dp with Frq on sediment bed of dso=0.52 mm (G=20 cm)

Increasing gap causes lower So/Dp values with respect to Frg as seen in Figure 6.67, Figure

6.68 and Figure 6.69.

176



2.0

= G=10cm
18 7 0G=15cm
1.6 - + G=20cm
14 -
1.2 -
=% [ ]
(=)
~ 1.0 -
o
(7]
0.8 -
0.6 -
04 - m}
0.2 -
*
0.0 T T ’I T T T
2 4 6 8 10 12 14 16 18 20

Frq

Figure 6.67 Variation of So/Dp with Frq with do= 4 cm pile on sediment bed of ds0=0.52 mm
for different gaps of the propeller
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Figure 6.68 Variation of So/Dp with Frg with do= 9 cm pile sediment bed of dso=0.52 mm for
different gaps of the propeller
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Figure 6.69 Variation of So/Dp with Frg with do= 14 cm pile sediment bed of dso=0.52 mm
for different gaps of the propeller
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Scour profiles are given in Table 6.8 for different gaps of the propeller for the same
experimental conditions (D,=10 cm, and the propeller speed was 745 rpm). As seen in Table
6.8 the height of the deposition crest (hy) and scour depth at the toe of pile (So) decrease with
an increase in the gap of the propeller from 10 cm to 20 cm for the sand bed size of dso=0.52
mm. As the gap increased, the intensity of the propeller jet became too weak to entrain the
sediment bed. Similar profile developments were observed on different sediment bed
material sizes of dso=1.28 mm, 4.0 mm and 8.3 mm given in Table 6.9, Table 6.10, and

Table 6.11, respectively.

Table 6.8 Scour profiles with different gaps of the propeller over the sedimet bed of

d50=0.52 mm
Test .
Conditions Scour Profiles
30
G=10cm 25
20
15
Dp:].O cm ;E-: 10 ¢
2 L
745 rpm i ST
& i
d50:O,52 mm ‘g -20-15-M S 1;3 20 25 30 35 40 45 50 55 60 65 70675 80 85 10115120125130135140145150155160165170175
. @ )
Plle |Ocated at -lEJ‘h"w;\\\‘ E ! —s—scour profile without pile
X=10 cm away -15 L - et —+—scour profile with do =4 cm
from the 2 k —=—Scour profile with do=9 cm
prope”er face ) scour profile with do=14 cm
-25
X - Horizontal Distance (cm)
(a)
30
25
G=15cm 20 N\
15
= (
£ 10 \
Dp=10 cm = . ;
@
745 rpm 2 : : ‘
g -20 -15 -10%! 25 30 35 40 45 50 55 60 65 70 _75780 115120125130135140145150 155160 165 170175
dso=052mm | @ N
) -10 ——scour profile without pile
Plle |Ocated at 15 ——scour profile with do=4 cm
X=10cm —=—scour profile with do=9 ¢cm
away from the -20 scour profile with do=14 cm
=25
propeller face X - Horizontal Distance (¢cm)
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Table 6.8 Scour profiles with different gaps of the propeller over the sedimet bed of
d50=0.52 mm (cont’d)

G=20cm

Dp=10cm
745 rpm
dso=0.52 mm

Pile located at
X=10cm
away from the
propeller face

Scour Depth (cm)

-
10 — LIl et
L
15 L W
-20

- po
30 35 40 45 50,5660 65 70,75 80 85 O
- e

_-7.,.»-‘*\‘ i ey
- _

- A

e p— =

10115120125130135140145150155160165170175
——scour profile without pile
——scour profile with do =4 cm

—=—Scour profile with do=9 cm
—a—scour profile with do=14 cm

X - Horizontal Distance {cm)

(©)

Table 6.9 Scour profiles with different gaps of the propeller over the sedimet bed of

dso=

1.28 mm

Test Scour Profiles
Conditions
30
G=10cm 25
—_ 20
5
‘E‘ 15
Dp=10cm Es 10
745 rpm 5 s 1
A o0 [ : :
dso=1.28 mm 5 Was 50 55 60 65.70° 75 80 85 5110115 120125 130 135 140 145 150 155 160 165 170 175
Pile located at 10§ ot ——scour profile without pile
X =10cm 15 —+—scour profile with do =4 cm
—=—Scour profile with do=9 cm
away T:‘OI’T} the -20 scour profile with do=14 ¢cm
propeller Tace 25
X - Horizontal Distance (cm)
(a)
30
G=20cm - ) —+—scour profile with do =4 ecm
Y —=—Scour profile with do=9 cm
20 ¢ { scour profile with do=14 cm
Dp=10cm T b
= 1
£ 10
745 rpm 2 :
2 !
dso=1.28 mm 5 > :
. & 0 ]
Pile located at 5 am 20 25 30 35 40 45 50,55 95 100105110115120125130135140 145150155160 165170175
X=10cm S —
away from 10 N,
the propeller
face 1

X - Horizontal Distance (cm)

(©)
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Table 6.10 Scour profiles with different gaps of the propeller over the sedimet bed of dso=

4.00 mm
Test .
o Scour Profiles
Conditions
30
G=10cm 2 —s—scour profile without pile
—+—scour profile with do =4 ¢m
20 —=—Scour profile with do=9 cm
_ scour profile with do=14 cm
Dp=10cm E = \
= )]
745 rpm s 1o [
5 5
dso=4 mm ]
w 0 @ps
Pile located at 0 80 85 90 95 100 105 110 115 120
X=10 cm away s
from propeller -10
the face s
X - Horizontal Distance (cm)
(a)
30
—+—scour profile with do =4 cm
_ 25
G=15cm ——Scour profile with do=9 cm
3 20 \ scour profile with do=14 cm
C )
= 15+ gt
< (
— e \
Dp=10 cm g 1 \
745 rpm 3 . :
@ ! ,annaatss
dso= 4 mm 0 S
0 5, 101%15%20 30,3540 _4;,-‘3[!"‘55 65 70 75 80 85 95 100 105 110 115 120
Pile located at N
X=10cm 10 4
away from the "
propeller face X - Horizontal Distance (cm)
30
—=—Scour profile with do=9 cm
25 - S
G=20cm o : :) scour profile with do=14 cm
= (
f_ﬂ, 15 \",
_ ] i
Dp =10cm §- 10 i
= l
745 rpm 3 s !
@ I
dso=4 mm o 4 ! i
. 0 5 10 15% 20 25 aw‘ﬁ’uﬂ“«as 50 55 60 65 70 75 80 8 S0 95 100
Pile located at 5
X =10cm
-10

away from the
propeller face

*No scours were formed with d,= 4 cm pile.

X - Horizontal Distance (cm)

(©)
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Table 6.11 Scour profiles with different gaps of the propeller over the sedimet bed of

d50=8.30 mm
Test .
o Scour Profiles
Conditions
30
G=10cm ——scour profile without pile
25 L r
——scour profile with do =4 cm
3 20 —=—Scour profile with do=9 cm
S 5 —+—scour profile with do=14 cm
Dp=13cm £
§' 10
745 rpm 5 s
dso= 8.3 mm 2 o
B5 90 95 100105110 115120 125130 135 140 145 150 155 160 165 170175
. -5
Pile located at
X=10 cm away e »
from the -15 .
propeller face -20
X - Horizontal Distance (cm)
(a)
30
—s—scour profile without pile
G=15cm 25 ——scour profile with do =4 cm
T 2 —=—Scour profile with do=9 cm
2 +—scour profile with do=14 cm
€ 15 \
Q \
= @ )
Dp=13cm g . o
5 |
745 rpm S s :
dso=8.3 mm o - y
0, 15%a0, 25 30 35 40 45 g9 95 100105 110115 120125130 135 140 145 150 155 160 165170 175
Pile located at *
X =10cm -10 E
away from the .15
prope”er face X - Horizontal Distance (cm)
30
—s—scour profile without pile
G=20cm 25 ——scour profile with do =4 cm
—=—Scour profile with do=9 cm
_ 20 +—scour profile with do=14 cm
E
Dp=13cm = ¢ )
g 10 {
745 rpm 2 N
E 5 T
dso=8.3 mm A
0
Pile located at 90 95 100105 110115120125 130135 140145 150155 160165170 175
X =10cm *
away from the 10

propeller face

X - Horizontal Distance (cm)

(©)

No scour holes were formed for G=15 cm and G=20 cm gap height for Dp=10 cm. So, scour formation comparisons
with different gap height, are given for only the 13 cm propeller in this table.
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6.2.3 Effects of the Pile Location

The scour depth at the toe of the pile (So) at different pile locations from the propeller’s face
were also investigated for sand bed material sizes dso = 1.28 mm. Chin et al. [8] studied a
wall jet around a vertical pile and classified the predominant effective mechanism with the
ratio between impingement distance to jet diameter (Xi/Do). In the present study, effect of
impingement distance was investigated and effective pile locations were considered for the

propeller jet flow.

The variation of the relative scour depth (So/Dp) was given for different pile locations at X =
10 cm, 20 cm, 30 cm and 40 cm, away from the propeller’s face as seen in Figure 6.70,
Figure 6.71, Figure 6.72 and Figure 6.73, respectively. These figures include the rotation
speeds of 590 rpm, 670 rpm, and 745 rpm for each propeller (Dp=6.5 cm, 10 cm and 13 cm)

for only pile diameter of do=4 cm for 5.03 < Fr, <12.59. Therefore, relative scour depths for

no pile conditions (Sio/ Dp, S2o/ Dp, S30/ Dp, Sa0/ Dp) are illustrated as filled symbols in the
figures. Scour depths were measured at X=10 cm, 20 cm, 30 cm and 40 cm (X / do=2.5, X /
do=5, X / do=7.5, X / do=10) away from the propeller’s face with no pile conditions as
defined with Si0, S20, S30 and Sao, respectively. These scours were compared with the scour

depths occured at the toe of pile (So) at the same location.

1.4 4
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E . /ﬂ/ *
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{].{] T T T T T T T T T T T T T 1

Figure 6.70 Variation of So/Dp with Frg based on the propeller jet mechanism with and without
pile cases for G=10 cm and X/do=2.5

Relative scour depths (S10/Dp) in the cases where piles are absent are always smaller than
scours occurring at the toe of pile (So/Dp) when the pile is located at X=10 cm away from the

propeller for 5.03<Fr, <12.59 (Figure 6.70). This is because pile obstruction is highly
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effective in promoting the scouring formation at distances 10 cm away from the propeller.

However, the trend lines (without and with piles) come closer to each other when the

distances between the pile and the propeller face are increased to X =20 cm, 30 cm, and 40

cm, as seen in Figure 6.71, Figure 6.72 and Figure 6.73, respectively. This is because an

increasing pile distance leads to diminished pile obstructions.
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Figure 6.71 Variation of So/Dp with Frq based on the propeller jet mechanism with and without

pile cases for G=10 cm and X/d=5.0
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Figure 6.72 Variation of So/Dp with Frg based on the propeller jet mechanism with and without

pile cases for G=10 cm and X/d,=7.5
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Figure 6.73 Variation of So/Dp with Frg based on the propeller jet mechanism with and without
pile cases for G=10 cm and X/d,=10

Chin et al. [8] classified different scour profile types due to predominant effective
mechanism defined as water jet and / or obstruction mechanism on scouring formation. They
stated that obstruction mechanism is predominantly effective for relatively small
impingement distance (Xi/Dp) for Type 1 profiles while jet mechanism becomes the
dominant mechanism for relatively large distances for Type 2. Both mechanisms are
effective on Type 3 scour profiles. In the first region, the jet exit extends from the jet exit to
some distance where scouring formation is characterized by the jet diffusion similar to Type
1. In the second region, erosion around the pile is mainly caused by the obstruction
mechanism as Type 2. llustrations of these two regions are given in Figure 1.14 (a) for the

boundary condition between Type 1 and 3.

In the present study, the predominant effective mechanism was investigated for different pile

locations from the propeller face by considering the jet diffusion area.

Johnston et al. [19] introduced the definition of the boundary layer development for the

propeller jet, as seen in Figure 6.74.
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Figure 6.74 Schematic view of boundary layer development (Johnston et al. [19])

This figure shows that boundary layer of the propeller jet diffusion is not expanding

symmetrically with respect to the jet’s centerline. Johnston et al. [19] explained that the

stream of the propeller jet expands at a faster rate owing to the reduction in pressure beneath

the jet for the confined cases with the use of sand beds. Hence, Johnston et al. [19] defined

the expansion angle for a lower jet boundary layer, as indicated in Equation (6.18).

a=66-10°C+8.3

(6.18)

where, a is the expansion angle of a propeller jet, C is the clearance height in milimeters.

In the present study, calculated expansion angles with the clearance heights and gaps for

each propeller are given in Table 6.12.

Table 6.12 Propeller jet expansion angles for propeller gaps of 10 cm, 20 cm and 30 cm

Propeller Diameter |  Gap Clearance (C, cm) Expansion
Propeller - o
(Dp, cm) (G, cm) C=G -(Dp /2) angle (a, °)

Propeller - 6.5 6.5 10 6.75 12.8
Propeller - 6.5 6.5 15 11.75 16.1
Propeller - 6.5 6.5 20 16.75 194
Propeller - 10 10 10 5.00 11.6
Propeller - 10 10 15 10.00 14.9
Propeller - 10 10 20 15.00 18.2
Propeller - 13 13 10 3.50 10.6
Propeller - 13 13 15 8.50 13.9
Propeller - 13 13 20 13.50 17.2
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Scour depths (So) are shown in Figures 6.78 - Figure 6.83 with scour profiles for the
instances where piles were absent. The square symbols in this figure show the measured
scour depths at the upstream toe of piles located at different distances (X = 10, 20, 30 and 40
cm) from the propeller’s face. The developments of lower boundary layer at different
expansion angles of propeller jets are also included. Increasing distances between the
propeller and the pile, cause decreasing scour depths (So). Xint is defined as the distance
from the location of the propeller’s face to the location where the jet boundary layer
intersected the original (horizontal) bed level. This intersection point represents the
transition location where the predominant effect on scouring process changed from a pile

vortex mechanism (obstruction mechanism) to a jet mechanism.

Scour depths at the toe of pile (So) are given for different pile locations (X=10 cm, 20 cm,
30 cm and 40 cm) for 10 cm propeller at 590 rpm, 670 rpm, and 745 rpm as seen in Figure
6.75, Figure 6.76 and Figure 6.77, respectively.
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Figure 6.75 Scour profile without piles and scour depths at the toe of pile (So) for different
locations at X/do=2.5, 5, 7.5, 10, Dp=10 cm, speed = 590 rpm, and G=10 cm
The scour depth at the toe of each pile (So) was bigger than the scour depth without a pile
condition when the pile was located at X = 10 cm and 20 cm (X/do = 2.5 and 5) away from
the propeller whereas it was smaller at X = 40 cm (X/do=10) as seen in Figure 6.75. The
propeller jet extended from the propeller’s face to the locus where the lower jet layer
intersected the original bed level (Xint). On the other hand, at Xint = 24.4 cm (Xint/do = 6.0)
propeller jet flow was diffusion mainly effective on scouring process with pile vortex
mechanism when the pile was located before this distance (Xin/do < 6.0) the scour at the toe

of the pile was caused mostly due to the pile vortex mechanism. At the distance of Xint/do =
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6.0, the propeller jet mechanism fully expanded and established contact with the original
sediment bed. Beyond this distance (Xint/do > 6.0), the propeller jet flow flow became
effective, and scour depths (So) were closer or/and smaller in values than those elicited in
the no-pile case (Figure 6.75). The same situation was observed for the increasing propeller
speeds of 670 rpm and 745 rpm for the same conditions (Dp=10 cm, C=5.0, a =11.6") as
seen in Figure 6.76 and Figure 6.77.
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Figure 6.76 Scour profile without piles and scour depths at the toe of pile (So) for different
locations at X/do=2.5, 5, 7.5, 10, Dp=10 cm, speed = 670 rpm, and G=10 cm
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Figure 6.77 Scour profile without piles and scour depths at the toe of pile (So) for different
locations at X/do=2.5, 5, 7.5, 10, Dp=10 cm, speed = 745 rpm, and G=10 cm

Scour depth at the toe of each pile (So) at different locations are marked with square symbols

on the scour profiles without pile conditions at propeller speeds of 590 rpm, 670 rpm and
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745 rpm in Figure 6.75, Figure 6.76 and Figure 6.77, respectively. Figures indicate that the

scour depths around piles are always bigger than scour profiles before point Xint.

The effective pile location (Xe) defined as the distance between the propeller’s face and the
point where the scour depth at the toe of the pile (So) is almost equal to the scour profile in
the case where piles were absent. This point always occurs downstream of the intersection
point of the lower jet boundary layer and on the original bed level (Xin). As an example,
scour profile without pile was intersected with S, at about Xe=30 cm (Xe/do=7.5) for the
clearance of the propeller at 5 cm as seen in Figure 6.77 while lower layer intersected
original bed at Xint=24.4 cm (Xint/do=6.0). Beyond the distance of Xe scour depth around pile
(So) decreases. Thus, predominant effective scouring mechanism may be changed from pile
vortex mechanism to jet mechanism after propeller jet is fully expanded and touched the
sediment bed at Xint/do > 6.0.

Scour profiles with the absence of piles and scour depths (So) for different pile locations are
also shown for other propellers of Dp=6.5 cm and 13 cm in Figures 6.79, 6.80, 6.81, and
Figures 6.82, 6.83, 6.84, respectively. Effective pile location (Xe) that coincided with the
point Xint for smaller propeller diameters is seen in Figure 6.78. Effective pile location is
found at Xe/do =7.5 for 0.77 < G/Dp < 1.54 with considering all tests results for different
propeller speeds of 590 rpm, 670 rpm and 745 rpm. Beyond this distance (Xe) predominant
effective mechanism of the pile vortex starts to decrease and the propeller jet mechanism
predominantly starts to be effective on the scouring formation. In other words, beyond the
distance of Xe/do=7.5, predominant effective mechanism due to the pile decreases and jet
mechanism becomes more effective on the scouring formation. This distance is also found
downstream of the point where lower jet layer intersects with original bed level (Xin) but
these two distances are almost the same (Xine=Xe) for only the smaller propeller diameter of
Dp=6.5 cm. Effective pile location may be defined between 2.3 < Xe/Dp < 4.61 for 0.77 <
G/Dp < 1.54.
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Figure 6.78 Scour profile without piles and scour depths at the toe of pile (So) for different
locations at X/do= 2.5, 5, 7.5, 10, Dy = 6.5 cm, speed = 590 rpm, and G=10 cm
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Figure 6.79 Scour profile without piles and scour depths at the toe of pile (So) for different
locations at X/do= 2.5, 5, 7.5, 10, Dp=6.5 cm, speed = 670 rpm, and G=10 cm
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Figure 6.80 Scour profile without piles and scour depths at the toe of pile (So) for different
locations at X/do= 2.5, 5, 7.5, 10, Dp=6.5 cm, speed = 745 rpm, and G=10 cm
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Figure 6.81 Scour profile without piles and scour depths at the toe of pile (So,) for different
locations at X/do= 2.5, 5, 7.5, 10, Dp=13 cm, speed = 590 rpm, and G=10 cm
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Figure 6.82 Scour profile without piles and scour depths at the toe of pile (So) for different
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Figure 6.83 Scour profile without piles and scour depths at the toe of pile (So,) for different

locations at X/do= 2.5, 5, 7.5, 10, Dp=13 cm, speed = 745 rpm, and G=10 cm

If the gap is increased to G=15 cm and 20 cm, expansion angle increases significantly

(Table 6.12). If the gap of the propeller is increased from G=10 cm to 20 cm, expansion

angle for each propeller increases with increasing clearance up to 6.6 . So, the scour depth at

the toe of the pile (So) changes at different pile locations and propeller’s gap of G=10 cm, 15

cm and 20 cm due to the impact area of the jet diffussion mechanism.

The scour (So) for higher gaps of the propeller (G=15 cm and 20 cm) increase with

increasing distance of the propeller at X=10 cm, 20 cm, 30 cm and 40 cm away from the

propeller face with Dp=10 cm for propeller speeds of 590 rpm, 670 rpm and 745 rpm as seen
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in Figure 6.84, Figure 6.85 and Figure 6.86, respectively. The scour depths (So) at G=10 cm
are significantly bigger than the scours when the propeller gap is at G=15 cm and 20 cm if
pile is located at X=10 cm, 20 cm. However, the scour (So) is smaller at G=10 cm than it is
at 15 cm and 20 cm for the pile location at X=40 cm because at that distance (X =40 cm) jet
diffussion at G=10 cm extends sufficiently while the lower jet boundary is still expanding at
G=15 cm and 20 cm. Similar conditions are observed for the propeller diameters of 6.5 cm
and 13 cm as seen in Figure A.177 - Figure A.182. However, scours around pile are always
bigger at G=10 cm than at the gaps of 15 cm and 20 cm. For bigger gaps G=20 cm, the
scours around the pile (So) are smaller than the scours without pile condition because pile
vortex mechanism may not become effective enough for the scour development when

compared with smaller gaps.
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Figure 6.84 Scour profile without piles and scour depths at the toe of pile (So) for different
locations at X/do=2.5, 5, 7.5, 10, and different gaps of the propeller (Dp=10 cm with 590
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Figure 6.85 Scour profile without piles and scour depths at the toe of pile (So) for different
locations at X/do=2.5, 5, 7.5, 10, and different gaps of the propeller (D,=10 cm with 670

rpm)
192



30
25
20
15

10

Scour Depth {cm)
w

-10

-15

-20

—=— Scour profile with no

Location of propeller
1

-20

pile (G=10cm)

G=20cm | O So(do=4cm, G=10cm)

l\
G=15cm ; '~

bj ~

i~ . ® So (do=4cm, G=15cm
G=10em | "~ ™. AN : )

| BEEREN ///

~, . ‘4

L~ I . B So (do=4cm, G=20 cm)

i s NI a=18.2"

caz116 [ {1=14-§(' ~ (s Original Bed Level

T ~

\.\ R /

|

I

|

|

T I T T
-10 0 10 20

30 40 50 60 70 80 90 100 110 120 130 140 150 1e0 170

X - Horizontal Distance (cm)

Figure 6.86 Scour profile without piles and scour depths at the toe of pile (So) for different
locations at X/do=2.5, 5, 7.5, 10, and different gaps of the propeller (Dp=10 cm with 745

rpm)

Relative scour depth (So/do) versus Frqg are given for different locations of the pile (do=4 cm)

with propeller gaps of G=10 cm, 15 cm and 20 cm (G/do,=2.5, 3.75 and 5.0) as seen in

Figure 6.87, Figure 6.89 and Figure 6.89, respectively.
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Figure 6.87 Relationship between So/d, and Frg on the sediment bed of dso=1.28 mm for

G/do:25

Maximum So/do values are obtained when the pile is located at X=30 cm (X/d,=7.5) for
G=10 cm (G/do=2.5) (Figure 6.87). When the gap is increased to G=15 cm and 20 cm
(G/do=3.75 and 5.0), maxium So/d, values are obtained at X=40 cm (X/d,=10) as seen in
Figure 6.89 and Figure 6.89, respectively. The reason for this is, for the smaller gap and

clearance height of the propeller, the intensity of the jet become too strong to entrain the bed

sediments nearer the propeller as seen in Figure 6.84.

193



A X/do=25
AT T h - X/do=5.0
2 i e —— ® X/do=75
o ¢ X/do=10
py A~ —-—- (X/do=25)
1 O ¥ Ak e — ——. (X/do=5.0)
s (X/do=7.5)
--------- (X/do=10)

4 5 6 7 8 9 10 11 12 13 14 15
Frq

Figure 6.88 Relationship between So/do and Frq on the sediment bed of dso=1.28 mm for
G/do=3.75

. ' o A X/fdo=25
/ - X/do=5.0
2 ._,_,_,/' = ® X/do=75
i L & X/do=10
| e < A — == (X/do=2.5)
1 — F SR ———- (X/do=5.0)
L . A (X/do=7.5)
i e ceeeeee (X/do=10)

So/do

4 5 6 7 8 9 10 11 12 13 14 15
Frq

Figure 6.89 Relationship between So/do and Frq on the sediment bed of dso=1.28 mm for
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6.2.4 Estimation of Scour Depth Around a Pile

Erosion problem due to bow or stern thrusters and main propellers of a ship when

maneuvering to a berth structure is illustrated by devoting of an entire PIANC [28] report
(Figure 2.7).

A number of case studies have been reported, cataloging the problems induced by propeller

washes at quay structures. Bergh and Cederwall [31] reported a survey conducted in

Swedish harbors and found that 18 quays out of 53 surveyed were damaged as a result of

propeller jets. Ryan et al. [65] referred to a similar survey conducted in British ports based
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on Quarrin [11]’s findings indicating that 42% of major ports were affected by propeller-
induced bed scour. Thus, an improved understanding of scour due to propeller jet near quay

structure should be imperative.

To this end, Hamill et al. [9] gave an estimation of scour both for the unconfined and
confined quay wall conditions induced by propeller jets. Chin et al. [8] investigated scouring
process around the vertical pile by using a simplified circular jet. Hong et al. [5] also
examined the scouring process induced by propeller jets without considering any structure
and they defined an equation estimating the scour. Despite all the case studies, no literature
could be found that adequately considers the scour depth induced by propeller jets at the toe
of pile for an open type berth structure. The main aim of this study is to define an empirical

equation for the prediction of scour at the toe of pile (So) at the equilibrium state.

Chin et al. [8] gave the relationship in between Frq and dimensionless scour depth Ssmax/Do
as defined in Equation (6.6) for a circular wall jet. In the present study, this equation has
been re-written by considering the propeller jet flow for no pile conditions as given in
Equation (6.7). However, in the literature, reserarchers did not propose any
suitable/satisfying equation for the scour depth estimation around pile under propeller jet

flow.

In the present study, a nonlinear regression analysis leads to the estimation of scour at the
toe of the pile (So/Dp) using predominantly dimensionless parameters for a fixed pile
location at X = 10 cm, and this is defined in Equation (5.13) for the fixed pile location at X

=10 as follows:

S G -0.631 D 0.428
20 =0.232.Fr2™ .| = | . |=* (6.19)
d, dg, d,

where S, is the maximum scour at the toe of pile, G is the gap of the propeller, dso is the

median sand size, Dy is the propeller diameter, and d, is the pile diameter.

This equation was taken into consideration when the pile was located at a constant distance

from the propeller’s face for 0.72 < X/do < 2.5 and is only valid for 1.89 < Frg< 15.01.

The DataFit® software package (V8.1.69, Oakdale Engineering, PA, US) was used for the
implementation of multiple regression-based analysis of the emprical Equations (6.19),
(6.22) and (6.23). The Richardson’s Extrapolation method and Levenberg-Marquardt
method with double precision were used for the estimation of the performing nonlinear

regression with the following values of the solution preferences: (a) regression
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tolerence=1x10"°, maximum number of iterations=250, and (b) diverging nonlinear
iteration limit=10.

Linearized plots of Equation (6.19) for the prediction of scour at the toe of pile (So/do)
versus measured data of So/do are in good agreement considering that the means of the
determination coefficient was 0.80 (Figure 6.90) and that the data evaluated at a 95%

certainty level (p=0.05) lie within the upper and lower predicted limits as seen in Figure
6.90.
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Figure 6.90 Comparison between measured and calculated relative scour at the toe of pile
(So/do) with 95% confidence interval

Confidence and prediction intervals drawn in Figure 6.90 were calculated within the scope

of analysis of variance (ANOVA) for a single value by using Equation (6.20) and (6.21),
respectively.

=Yt -c- £ (XX) > (6.20)
n Ny Ny
d inz_ 1[lej
i=1 Ny \ =t
=vit o [l EXn) (6.21)
n Ng Ny
CSxE (inj
i=1 Ny \ =t

where o is the standart residual error 6=,/SS,../n-2 , SSres is the sum of squares of residuals

(also referred as the residual sum of squares), X is the measured relative scour depths, Y is
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the calculated relative scour depths with defined equation, m is the mean values, nq is the

number of data, t_is the Student’s t-distribution, a is the confidence level.

Equation (6.19) was also written in terms of the propeller diameter (Dp). Relative scour
depth (So/Dp) that was defined in Equation (6.22) is as follows:

S G -0.577 D -0.914
20 =0,232- Fr, 1o [—J {—F’J (6.22)
D, d,, d

0o

where S, is the scour at the toe of pile, G is thegap of the propeller, dsg is the median sand
size, Dp is the propeller diameter, dois the pile diameter. Equation (6.21) gave a
determination coefficient of R?= 0.82 revealed with 95% certainity (Figure 6.91).
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Figure 6.91 Comparison between measured and calculated relative scour at the toe of pile
(So/Dp) with 95% confidence interval

The difference between Equations (6.19) and (6.22) is that the non-dimensional maximum
scour depth parameter is changed from So/do to So/Dyp.. If So/Dp is multiplied by Dp/do, the
parameter easily changes. Since Equation (6.22) has better performance, Equation (6.22)

may be more useful instead of Equation (6.19).

Equation (6.22) was rearranged by considering new data sets obtained under test conditions
that used different pile locations from the propeller’s face, namely, at X=10 cm, 20 cm, 30
cm and 40 cm with all the propellers. These datasets were only tested for a sand bed material

with dso=1.28 mm and a pile with d,=4 cm at different propeller speeds (590 rpm, 670 rpm,
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and 745 rpm). Thus, Equation (6.23) was obtained for the wider range of values of 2.5 <
X/do <10, and 4.99 < Frq< 12.59, with an increased number of datasets, and a determination

coefficient of R?= 0.87 (Figure 6.92), as shown below.
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Figure 6.92 Comparison between measured and calculated relative scours at the toe of the
pile (So/do)
S G -0.601 X 0.526
=0 =0.448 Fr**° [—j (—] (6.23)
d, ds, d,

where S, is the scour at the toe of pile, G is the gap of the propeller, dso is the median sand
size, Dy is the propeller diameter, do is the pile diameter, X is the horizontal distance in
between pile and propeller face.

In the present study, various descriptive statistics such as; R?2, MAE, RMSE, IA, FV and
DW are given for the validation of the estimation capability of relative scour depths (So/Dp
and So/do) with defined Equations (6.19), (6.22) and (6.23) are given in Table 6.13.
According to this, X is the measured relative scour depths, Y are the calculated relative

scour depths with defined equation, m indicates the mean values, i is the index of each of the

n distinct X or Y values, nq is number of data, 5 = ,Z(Xi'xm)zln"] and g = Z(Yi_ym)z/n_»];

standart deviations of measured and calculated data X, and Y respectively.
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Table 6.13 Descriptive statistical performance indices for data sets

Equation | Equation Equation

Performance Definition (661?)5 L (S;IZZ) — S(tfit-Zf?'D)_]cf t

: ata Set 1or Plle ata Set Tor Ditreren

Indicators Location at X=10 cm Pile Locations

(ng=172) (ng=108)
Ny 2
inati Z(Xi'xm)(Yi'Ym)J
S| B
Zd‘,(xi'xm)zzd(Yi'Ym)2
i=1 i=1
Mean Absolute (1)&

Error (VAD) MAE‘[E]E‘“ X, 0.165 | 0.150 0.207

Root Mean 0o 05
Squared Error RMSE:[:Z[Yi—Xi]Z] 0.207 0.187 0.353

(RMSE) ¢ =L

ng 2
Index of 2,(¥i)
1A=L 0.877 0.957 0.876
Agreement (1A) : (X [+ YY)

Fractiong v - 270) 0.069 | 0021 0.013
Variance (FV) (0,+0,) ' : '
Durbin-Watson L AN JLSEW
(DW) Statistic Dw_é((x Y)i-(X-Y)i1) é(x Y); 1.75 1.81 0.92

The quality of regression equations is determined by the coefficient of determination (R?).
Moreover, its significance was judged by the adjusted R? value, which is denoted as Ra?. The
R? and R4? values should also be in close agreement. In the present analysis, the R and R,?
values were determined by the following equations:

R2=1- SSres - SStot ~SSres - SSVGQ (6.24)
SSiot SSiot SSres +SSreg
o 2 u 2
2. (Yi-Xn) (Yi-Xm)
R2= i=1 —i=l (6.25)
ng , 0d , g ,
Z(Y,-X,) +Z<Yi'xm) Z(Y,-Xm)
i=1 i=1 i=1
SS,.. /df ny-1
R2=1-| 22res'®e |9 | (1 g2)| Nd2 ||_R2 | (1.R2)| P 6.26
a [SStot/dftj {( )[nd-p-lﬂ {( )[nd-p-l (6.26)

where SSqt is the total sum-of-squares (proportional to the variance of the data), SSres is the
sum-of-squares of residuals, SSrq is the regression sum-of-squares (also referred to as the

explained sum-of squares), p is the total number of explanatory variables, nq is the size of
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the sample, df; denotes (n¢ — 1) degrees-of-freedom, and dfe denotes (nd — p — 1) degrees-of-
freedom.

According to Equations (6.19), (6.22) and (6.23) the goodness-of-fit-of values of the tested
experimental data in accordance to the adjusted determination coefficient (Ra?) and the
determination coefficients (R?) were 0.80, 0.82 and 0.87, respectively. These equations
satisfactorily predicted the expected responses with very small deviations (maximum
residuals < 0.05) for the relative scour depth in terms of the propeller diameter (Dp) and pile
diameter (do) for the constant pile locations (X= 10 cm), and different pile locations (X= 20
cm, 30 cm, and 40 cm). It is noted that the R4? corrects the R? value for the sample size and
the number of terms used in these equations. If there are many terms, and the sample size is
not very large, the Ra? may be noticeably smaller compared to R? (Liu et al. [66]). For the
present case, the values of the adjusted determination coefficient (R.?> =0.82, 0.83 and 0.90
corresponding to Equations (6.19), (6.22) and (6.23), respectively) were also very high,
implying increased significance for the derived equations. Finally, the Durbin—Watson
(DW) statistics (DW = 1.75, 1.81 and 0.94 corresponding to Equations (6.19), (6.22) and
(6.23)) were determined to be close to 2, thereby confirming the goodness of fit of the
equations, and indicating positive autocorrelations (DW < 2) as Hewings et al. [67] stated

for each of these equations.

In practice, Equations (6.22) and (6.23) may provide an estimation for the scour depths at
the toe of a pile as an open type structure due to propeller jet flow for engineering
considerations. These equations provide the estimation of scour depths at the toe of a pile
(So) that will occur for a given ship type (Dp, G etc.) by considering the sediment grain size

(dso) and pile location (X) for berthing or unberthing conditions.
As a numerical example for practical applications:

a) If we consider a vessel with the following characteristics de-berthed from a piled type
berth structure: Dp=1m, G =1 m Ug = 1.5 m/sec. The piles are placed at X =5 m away
from the propeller and have a diameter of do= 2 m. The seabed is sand with dsp = 1.28
mm and s = 2.65 (A = 1.65).

b) The non-dimensional pile distance for this case is X/do = 2.5 and the densimetric Froude

number is calculated as Frq= 10.4 by Equation (6.27).

Uy 15
JodoA  \/0.81-(1.28-10°)-1.65

Fr,= =10.4 (6.27)
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c) Equation (6.22) was obtained for the range of values of 0.72 < X/do < 2.5 whereas
Equation (6.23) was considered for 2.5 < X/do < 10. Both Equation (6.22) and (6.23) can
be used for this example as with (X/do = 2.5 and Frq = 10.4) due to the validity range of
equations. Therefore, these equations for the estimation of scour depth at the toe of pile

(So) give comparable values.
d) Employing Equation (6.22):

[S)—° =0.232-10.4*"* .781.25%%".0.5°%% =0.82 (6.28)
p

which results with a scour depth at the toe of pile approximately So~ 0.8 m.

e) Employing Equation (6.23):

j—°:0.496-10.41'586 .781.250°%7 .2 5957 = 0 35 (6.29)

This time the scour depth at the toe of pile found as So~ 0.7 m.
f) This small numerical example shows that the scour depths (So), which yield 0.8 m for
Equations (6.22) and 0.7 m for Equation (6.23), ensure the applicability of both equations

with comparable values given below.
6.3 Scour Around Two- Pile Tandem Arrangements

Scour around the pile groups were studied in the past (Sumer and Fredsee [68], Sumer and
Fredsee [69], Yuksel et al. [70], Ataie-Ashtiani and Beheshti [71], Amini et al. [72]).

Sumer and Fredsee [69] studied wave induced scour around group of piles with different
configurations (side by side arrangements of piles, tandem arrangements of piles, three-,
two-, and four-, pile groups including the triangular and 4x4 square arrangements) on the
sand bed with size of dso = 0.2 mm. They also found that the scouring mechanism was

dependent on Keulegan-Carpenter number (KC) and the distances between piles.

Sumer and Fredsge [68] performed an experimental investigation on scour around pile
groups with different configurations such as; single, side by side, tandem, (2x2, 3x3, 5x5)

square, circular pile groups and exposed to steady current.

Rigid bed tests and actual scour tests were carried out experimentally on dso=0.2 mm sand
bed. They also defined two different mechanism which cause scour formation for pile
groups such as; the local scour at individual piles and the global scour (the general lowering
of the bed).
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Yuksel et al. [70] investigated the local scour around vertical pile and pile groups. The
propeller jet was simplified using a circular water jet on cohesionless sediment bottom in
their study. Their study showed that the scouring around the pile groups was a function of
densimetric Froude number (Frq), the distance between the piles to pile diameter and the

relative size of the pile to circular water jet diameter.

Ataie-Ashtiani and Beheshti [71] performed an experimental study on pile groups under
steady clear-water scour conditions. They derived a correction coefficient to predict the

maximum local scour depth for the pile groups.

Amini et al. [72] carried out an experimental study on clear water scour on submerged and
unsubmerged pile groups under steady flows. They found the scour depth changed with
respect to the pile diameter, the distance between piles and submergence ratio for different
configurations of the pile groups. They also achieved empirical relations to demonstrate the
effect of the studied variables and proposed a new method to predict the effect of pile group
arrangements, pile spacing and submergence ratio on local scour depth.

In this section, scour mechanism induced by propeller jet around two-pile tandem
arrangement as seen in Figure 6.93 is presented. Experiments were performed on sand bed
size of dsp=0.52 mm for Dp=10 cm propeller speed of 745 rpm with two different pile
diameters (do=4 cm and 9 cm). In addition, the same propeller diameter and speed were
tested on a coarse sand bed size of dso=1.28 mm for only pile diameter of do=4 cm. While
the distance between two piles (X:) was determined to be the pile diameter of the times, the

distance of the first pile was kept constant at 10 cm away from the propeller.

Figure 6.93 View of the flume at the beginning of the tests
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14 different configurations were tested as given in Table 6.14. At the end of each test, scour
depths at the toe of piles were measured and also compared with the ones of no pile cases.
Schematic view of scour profile at the equilibrium state with defined parameters are given in
Figure 6.94, where, S, is the scour at the toe of first pile, So2 is the scour at the toe of second
pile, X; is the distance betweenthe first and second pile , h is the water depth, t is the

thickness of sediment bed.

First Pile i Second Pile
i =
10em oy X
ﬂ I h=50cm
Propeller jet

Dp=10cm
(7=10cm
'\.‘l

E

i

Figure 6.94 Schematic view of the scour formation with two-pile tandem arrangement

The examples of scour profile evoluations with two pile tandem arrangements are given in
Figure 6.95, Figure 6.96 and Figure 6.97. These figures show tests results for Set 1 with
different pile spacings of X: = 2.5do, 5do, 7.5do.

Table 6.14 Parameters used during experimental tests

Propeller | Propeller | Propeller Pile Sediment Distance Between Two
Gap Diameter | Speed | Diameter | Bed Size Piles
Tests
(G,cm) | (Dp,cm) | (rpm) | (do, cm) | (dso, mm) (Xt, cm)
Setl 4 0.52 2.5do / 3do / 5do / 7.5d,
Set 2 10 10 745 9 0.52 do / 2do / 3do / 4d, / 5do
Set 3 4 1.28 2do / 4d0 / 6d0 / 8d0 / 10d0

In each test, for different pile spacings (X:) there is no change occurred for the scour depths
at the toe of first pile (So) which was located at 10 cm away from the propeller jet. However,
scour profile changed and increasing distance between piles (Xt=7.5d,) caused a distinctive

ridge between the piles (Figure 6.97).
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Figure 6.95 Scour profile of two-pile tandem arrangement for Xi=2.5d, (Set 1)
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Figure 6.96 Scour profile of two-pile tandem arrangement for X=5d, (Set 1)
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Figure 6.97 Scour profile of two-pile tandem arrangement for X=7.5d, (Set 1)
For each experimental test, the scour depths at the toe of piles for two-pile tandem
arrangements were marked on scour profiles with the absence of pile as shown in Figure
6.98, Figure 6.99 and Figure 6.100. Figures show that the scours at the toe of first pile (So)
for two-pile tandem cases are the same when compared with the scour around a single pile

cases at X=10 cm from the propeller’s face because the second pile has no effect on the
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scouring process at the toe of first pile. However, scour depths at the toe of the second pile
(So2) changed, related to the pile location as seen in Figure 6.98, Figure 6.99 and Figure

6.100, respectively.

Different pile spacing for two-pile tandem groups are also descriptive for scour dimensions.
Scour at the toe of the second pile (So2) intersected the scour profile for no pile case beyond
Xt = 3do for 4 cm pile diameter on sand bed material size of dsp=0.52 mm and 1.28 mm
(Figure 6.98 and Figure 6.99). In other word for the same pile diameter, pile obstruction
mechanism decreases beyond the distance between piles and the second pile not effective on
scour profile beyond the distance at X: = 3d, for sand beds of dso= 0.52 mm and 1.28 mm,
respectively. This distance also defined as Xs > 5.5d, which is the distance between the

propeller and the second pile.

——Scour profile (without pile)
@ Scour at the toe of first pile (So)
© Scoursat the toe of second pile (Se2)

15 \ Xe=5.5do
|e—————>

“rX=10cm  K=3ds
S

>

Scour, S (cm)
w

10 120 130 140 150 160 170

Horizontal Distance (cm)

Figure 6.98 Scour profile without pile case and scour depths at the toe of 4 cm piles for two-
pile tandem arrangement on sediment bed of dso=0.52 mm (Set 1)

——Scour profile (without pile)

30 #+ Scour at the toe of first pile (So)

25
© Scoursat the toe of second pile (Se2)

20 : i

Scour, S (cm)

160 170

-15
Horizontal Distance (cm)

Figure 6.99 Scour profile without pile case and scour depths at the toe of 4 cm piles for two-
pile tandem arrangement on sediment bed of dso=1.28 mm (Set 3)
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Therefore, pile obstruction mechanism begins to decrease at about Xs=5.5do and 5.7do for
different pile diameters of 4 cm and 9 cm on the same sand bed (dso=0.52 mm) as seen in
Figure 6.98 and Figure 6.100.

Scour depths at the toe of the second pile (So2) also decrease, by incerasing the pile spacing
(Xt = do/ 2do/ 3do/ 4do/ 5do) With greater pile diameter of d,=9 cm (Figure 6.100). Similarly,
scour depths (So2) decrease beyond the distance between piles at Xt = 3d, for the smaller pile
diameter of do=4 cm (Figure 6.98). Thus, the evolution of scour profile around pile groups
indicated that the scour at the toe of the second pile is always smaller than the first pile (So2
< So) after X¢= 3do. Yuksel et al. [70] stated that jet diffussion energy decays due to the first
pile, in a study conducted by a wall jet.

——Scour profile (without pile)
#+ Scour at the toe of first pile (So)

20 . Xe=5.7do & Scoursat the toe of second pile (So2)

X=10jcm Xt=3do

Scour, S {cm)

Horizontal Distance (cm)

Figure 6.100 Scour profile without pile case and scour depths at the toe of 9 cm piles for
two-pile tandem arrangement on sediment bed of dso=0.52 mm (Set 2)

6.4 Scour Protection Around a Pile Structure

Established design methods and investigation of scour protection around berth structure
induced by propeller jet flow were given by EAU [73], BAW [74] and [75], PIANC [28]
and [76], Van Doorn [77], Hawkswood et al. [58] and [78]. Different berth scour protection
types and failure mechanisms are summarized by Hawkswood et al. [78] in Table 6.15. They
also stated that the rock protection generally fails in rolling and/or sliding particle

displacement from the turbulent action due to ship’s propeller jet flow.

Table 6.15 Scour protection types and failure mechanisms (Hawkswood et al. [78])

Scour Protection Type Limiting Failure Mode
Rock Flow Displacement
Insitu concrete Suction Uplift
Prefabricated matress Various
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Up to now, rock protection has been the main type of scour protection used against propeller
action as reported by PIANC [76]. Rock protection generally compromises two layers of rip
rap or armor stone upon a filter layer which is usually a geotextile filter membrane as
illustrated in Figure 6.101.

Figure 6.101 Application of rock protection (Hawkswood et al. [78])
In the present study, the design of scour protection around a vertical pile is considered as the

rock in two layers as illustrated in Figure 6.102.

1 d() ;
Armour layer Pile
(ds0=47.6 mm)
Filter layer
(d50=8.3 mm)

Figure 6.102 Cross-section of application for protection layer

Scour protection layer was constructed in two layers of armor stone of dso=47.6 mm upon a
filter layer of dsp=8.3 mm at the same level of sediment bed as illustrated in Figure 6.102
which was used as rough bed material for scour mechanism around piles are presented in the

previous section. Particle size distribution of armor layer is given in Figure 6.103.

In the present study, the rock size of armor layer was determined as disrmor layery=40.5 mm
(Figure 6.103) that is about 5 times bigger than dssirter 1ayen=7.9 mm according to Rock
Manual [78] and AYGM [79] because AYGM [79] stated that the relationship between the

protection layer and base material should be as follows:

d
50(armour layer) < (22_25) or d15(

d 50(filter layer)

) = 5d85(filter layer) (6 . 30)

armour layer
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Figure 6.103 Sieve Analysis of rocks used in armor layer
Tests were carried out around two different pile diameters with do=4 cm and 14 cm as

illustrated in Figure 6.104. Size of the rocks used in the armor layer are given in Table 6.18.

Final widths of the scour holes (Bsmax) for non existing protection layer were are also
measured as 66 cm and 50 cm for the cases with piles of do=4 cm and 14 cm, respectively.
Thus, rock protection layer was applied as 60 x 65 cm and 50 x 60 cm onto the areas around
the pile of do =4 cm and 14 cm, respectively. The determined application areas were greater

than Melville and Coleman [80]’s recommended area that is calculated as 3 - 4 times of pile

diameters (do) for steady current condition.

(b)

Figure 6.104 Application of armor layer in two layers around a pile diameter of (a) do=4 cm
(b) do=14 cm

The stability of tested rock size used in armor layer with the effect of propeller jet has been
examined around a single pile case in this section. For a better understanding, first of all,
maximum velocity near the bed (Ubmax) that causes scouring on the sediment bed should be

calculated with the absence of protection layer. Within this context, most researchers such as
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PIANC [76], Fuehrer and Romisch [22], EAU [73] gave definitions for Upmax With the

absence of structure.

PIANC [76] idealised propeller jet flow as seen in Figure 6.105 with the absence of
structure. Verhey [23] found that the zone of maximum bed velocity is related to the gap of

propeller and occurs from a distance of 4 G to 10 G as illustrated in Figure 6.105.

Water level
Dy L
—_— G
C Bed level
originof | - | " maximum bed current |
i \ - \ |
Jet X X=4G X=10G

Figure 6.105 Idealised propeller jet flow (modifed from Hawkswood et al. [78])
BAW [74] reported that the geometry of propeller jet depends on: (1) rudder configuration
of the ship and (2) limitation of the dispersion area due to the quay wall as illustrated in
Table 6.16.

Table 6.16 Standard jet dispersion conditions (BAW [74])

Jet directed towards
the bed (axis)

|
\
\
e
|

JR— o ~ 70 - \‘x
‘ 7 7
lrG lower jet boundary
AR A AR AR R A AR AR AR AR AL R A A AR AL AR . N
e b) With Lateral Limitation
a) Without Lateral Limitation With Splitting of the Jet

Without Splitting of the Jet

nva
0~ 125 - =X

[

— - .Jet directed towards the surface (axis) I'ih P (4 . .

[ — Jet directed towards | A

iy " - —.o _~the bed (axis) | |

‘ ~ %12 —a X [ G
Lower boundary of jet 22 l RRATIR, x\wxmf’ R R

c) Without Lateral Limitation d) With Limitation Of Quay Wall

With Splitting of the Jet Without Splitting of the Jet

Different recommendations are given in the literature to determine the bed velocity vis a vis
propeller jets. The maximum near bed velocity (Upmax) Was given related to the gap ratio
(G/Dp) in EAU [73], BAW [74] and PIANC [28] based on Fuehrer and Romisch [22]’s
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study. Hawkswood et al. [78] also gave a relationship of relative maximum bed velocity (Up,
max/Uo), versus G/Dy found by different researchers in one graph (Figure 6.106).

|

V. Common design range
\ I

1.0+

0.8 4 Fuehrer & Rémisch (1977),

Rémisch & Hering (1993)

With rudder

0.6~ Without rudder

Ub,max
Uo

BAW (2005)
£=0.42

E=0.25

0.4+

0.2

i : T PIANC (1997)
i

0.5 1.0 G/Dp 1.5 2.0

Figure 6.106 Relative bed velocity (Ub, max/Uo) of the propeller jet as a function of gap ratio
(G/Dp) (Modified from Hawkswood et al. [78])

These graphs were expressed by the following equation and coefficients;

D
Ub,max =UOE(EPJ (631)

where E=0.71 for slender stern with a rudder, E=0.42 for slender stern with no rudder
behind the propeller, E=0.25 for slender stern with twin rudders.

PIANC [76] also gave German and Dutch approaches for the calculation of the Up, max.
German method uses Equation (6.31) to define Upmax Whereas the Dutch method uses

Equation (6.32) for the calculation of Up max as follows:

D
Upa =(0:210 03)U, 2 (6.32)

where; 0.216 is for non ducted propellers and 0.306 is for ducted propellers.

PIANC [76] and BAW [74] established no scour design curve of rock protection in terms of
bed velocity (Ub,max). Hawkswood et al. [78] gave these relationship as illustrated in Figure
6.107.
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Figure 6.107 Stone sizes related to maximum bed velocities (Ub, max) (Hawkswood et al.
[78])

German and Dutch methods were also used and movement of rocks were investigated for
critical rock sizes for bottom protection. The German method uses formulas particularly
suited for propeller jets, while the Dutch method uses general stability formulas such as
Izbash and Pilarczyk equation. Pilarczyk equation has not been validated for the propeller jet
flow. So, according to calculated Up max, Equation (6.33) and (6.34) were determined to use.
Equation (6.33) is based on comparisons of critical flow velocity (Uc) with Upmax as the
German stability approach (Equation (6.31)). However, Izbash Equation (6.34) used in
Dutch method gives rock sizes for Up, max.

Ucr:Bcr \/dssgA (633)

where U is the critical flow velocity, Be is the coefficient, given as 0.9-1.25 for turbulent

conditions, dgs is the 85% passing median rock diameter, A is the relative density.

U 2
Ad,,= 1 om (6.34)
Bcr,lz 2g

where Upmax IS the maximum velocity near the bed, B, 1, is the coefficient (for standard

situations (1/B,,)*=3.0 (CIRIA, CUR, CETMEF [81]), dso is the 50% passing median rock

cr,lz

diameter.

In the present study, applied protection layer as illustrated in Figure 6.104 was tested with
the maximum propeller speed (745 rpm) and diameter (Dp=13 cm) for the worst case
scenerio. Thus, the efflux velocity was found as Uo=1.78 m/sec (calculated with using
Equation (5.3)) for Dy = 13 cm of 745 rpm.
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A propeller is located at the minimum gap of G=10 cm and rotated until scour profile
reaches its equilibrium state on dso= 8.3 mm bed. So, maximum near-bed velocity (Up,max) iS
expected to be found between X = 40 cm to 100 cm away from the propeller face with the
absance of structure as seen in Figure 6.105. This distance is also away from the intersection
point of the lower jet layer with the original bed level at Xint = 18.7 cm. Xint is calculated by
using Johnston et al. [19]’s definition in Equation (6.18) for the expansion angle of the
propeller. The intersection point of the propeller with scour profile for no pile condition is

shown in Figure 6.108. The calculated expansion angle from Equation (6.18) as o= 10.6° is

almost similar to the value of o= 13° which is given by BAW [74] in Table 6.16 (a).
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Figure 6.108 Scour profile induced by propeller jet with the absence of pile (Dp,=13 cm, 745
rpm, G=10 cm)

In the tests of the present study, the pile was located at X=10 cm before the lower jet layer
intersected the original bed level (Xint) and the flow conditions changed when the propeller
jet flow was confined by a surface (Figure 6.109 and Figure 6.110). Maximum bed velocity
(Ub,max) should be different from the calculated Upmax for no pile conditions (Table 6.17).
However, there is not any definition given for the determination of Upmax When the
propeller jet flow was confined by a vertical pile. The Dutch and the German methods
assume the use of conventional propellers as without ducted propellers and consider jet
confinement such as the closed type quay walls. However, the German method uses the

Equation (6.31) to define Uy max by not considering the structure conditions.

The maximum flow velocity at the bed (Ubmax) Owing to a propeller jet is calculated with
Equation (6.31) reported by BAW [75] Up, max that was found as 0.97 m/sec for Dp = 13 cm
and G=10 cm..
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Upmax Was also found as 1.01 m/sec and 0.90 m/sec according to Figure 6.106 for the
G/Dp=0.77 for relative maximum bed velocity defined by PIANC [76] and Fuehrer and
Romisch [22], respectively.

PIANC [28] gave the German and the Dutch methods to calculate the Upmax. Ubmax Was
found from Equation (6.32) as 0.5 m/sec by using the Dutch method for Dp=13 cm propeller
at G=10 cm. The German method uses the same equation as Equation (6.31) given by BAW
[75], so Up, max was found similar as 0.97 m/sec. The calculated Upmax Values by using

different researchers’ formula, are summarized in Table 6.17.

Table 6.17 Maximum flow velocity at the bed (Up,max)

Ub,max

Researchers Remarks
(m/sec)
PIANC [76] 1.01 . ) .
Consider without structure conditions for slender
BAW [73] and [75] 0.97 3 .
t th dder behind th ]
Fuehrer and R6misch [22] 0.90 SOl O [ gigp o (e Propetier

Considers jet confinement such as the closed type
quay walls
Considers without structure conditions and uses
BAW [74] and [75]’s equation

According to calculated Up max (Mm/sec) required rock size (critical bed material diameter) was

Dutch Method (PIANC [76]) 0.50

German Method (PIANC [76]) 0.97

found by using the Dutch method by Equation (6.34) as dso=23 mm. In the present study,
armor layer compromised of dsp=47.6 mm that is greater than the required rock size of
dso=23 mm. So, no scour was observed when the armor layer protection was applied as
calculated with the Dutch method.

The German method gave the stability of the armor layer with the comparison of critical
flow velocity (Uer) and Upmax. Uer was determined as 0.32 m/sec and 0.79 m/sec according
to the German method in Equation (6.33) for non protected (dso=8.3 mm) and protected bed
(dso=47.6 mm), respectively. The calculated maximum bed velocity (Upmax) as 0.97 m/sec
(given in Table 6.17) compared with Uc. Comparisons indicated that there would be scour
both on non-protected bed of dso=8.3 mm (Upmax=0.97 m/sec > U= 0.32 m/sec) and armor
layer of dsp=47.6 mm with protected bed (Upmax=0.97 m/sec > U¢= 0.79 m/sec). However,
no scour was expected for protected bed when the Dutch method was used. This is because
the Dutch method considers jet confinement while the German method assumes without
structure conditions for the calculation of Upmax. Thus, the Dutch method found more

predictable results for the consideration of pile structure.
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No scour expectation found by using Dutch method showed same results with the
observations of tests with protection layer around piles that have diameters of do=4 cm and
14 cm. However, with the absence of protection layer (with filter layer only) scour was

observed around each pile as seen in Figure 6.109 and Figure 6.110.

Scour profiles with the absence of protection layer around different pile diameters of do.=4
cm and 14 cm have final scour depth at the of pile (So) as 7.4 cm and 14. 5 cm, respectively
(Figure 6.109 and Figure 6.110).
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Figure 6.109 Final scour profile without protection layer around pile of do=4 cm on sediment
bed of ds50=8.30 mm (D,=13 cm, 745 rpm, G=10 cm)
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Figure 6.110 Final scour profile without protection layer around pile of de=14 cm on
sediment bed of dsp=8.30 mm (Dp,=13 cm, 745 rpm, G=10 cm)

Required rock sizes were taken into consideration after the maximum bed velocity (Up,max)
was calculated as seen in Table 6.17. The calculated maximum bed velocity (Upmax=0.5
m/sec) obtained by using the Dutch method with the consideration of jets confinement such
as closed type quay walls was smaller than the values calculated by PIANC [76], Fuehrer
and Romisch [22] and BAW [74] and [75]’s methods as Upmax=1.01 m/sec, 0.97 m/sec and
0.90 m/sec, respectively. Vis a vis this subject, Sumer and Fredsee [57] stated that the

presence of the structure would cause the change in the flow and this local change in the
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flow will generally cause an increase in the bed shear stress and in the turbulence level for
steady flow. They also added that the bed shear stress underneath the horshoe vortex at the
toe of pile can be larger (or more) than 5 times of the undisturbed bed shear stress. The
maximum magnitude of the bed shear stress was found in front of the pile where the shear
stress was 3.5 times compared to the jet exit for propeller jet flow around pile structure by
Yuksel et al. [33]. So, the bed velocity near the bed (Ubmax) increases with increasing shear

stress when a structure is placed in the flow area.

In the present study, sediment bed materials were used within a wider range of dso=0.52
mm, 1.28 mm, 4.00 mm and 8.3 mm. Therefore scour was formed on each sediment bed
material with the absence and presence of the pile structure at Dp=13 cm at 745 rpm but two
layered rocks with greater median sizes than sediment bed material sizes of dso=47.6 mm

were tested and examined as armor layer around piles but no scour formations were found.

Table 6.18 Rock weights used in the armor layer

Rock | Weight (gr) | Rock | Weight (gr) | Rock | Weight (gr)
1 110.5 43 135.7 85 117.5
2 1134 44 94 86 91.4
3 129.4 45 109.1 87 141.4
4 161.3 46 100.6 88 145
5 122.7 47 112.2 89 135
6 149 48 149.7 90 121.3
7 105.7 49 137.6 91 120
8 79.9 50 69.6 92 142
9 97.4 51 79.6 93 121
10 133 52 90.6 94 110
11 125.5 53 64 95 116
12 78.8 54 91.8 96 143.4
13 150.7 55 141.2 97 1245
14 108 56 109 98 143.6
15 102.3 57 110.3 99 147.3
16 113 58 115.1 100 140
17 92.5 59 125.7 101 83.5
18 117.1 60 145.6 102 98.7
19 105.3 61 109.3 103 82.4
20 146 62 125.8 104 125.7
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Table 6.18 Rock weights used in the armor layer (cont’d)

21 110.9 63 145.2 105 144.7
22 84 64 120.7 106 134.8
23 120.1 65 130.6 107 1394
24 112.1 66 122.8 108 106.5
25 99.3 67 113.7 109 161.6
26 95.7 68 141.8 110 95.3
27 104.5 69 145.4 111 81.5
28 118.5 70 111.9 112 141.2
29 106.8 71 131.3 113 102.6
30 76.9 72 111.5 114 128.6
31 89.6 73 147.5 115 89.7
32 101.5 74 131.4 116 139.3
33 92 75 142 117 120.5
34 112.1 76 141 118 147.3
35 100.8 77 100.3 119 128.1
36 104.7 78 67.6 120 110.6
37 81 79 109.3 121 170.2
38 88.2 80 117.8 122 87

39 107.7 81 140 123 127.2
40 126.4 82 105.7 124 130.9
41 186.4 83 142.2 125 121
42 143.9 84 124 126 129.5
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CHAPTER 7

RESULTS AND DISCUSSION

The effect of a propeller jet flow on four different sand bed sizes was examined in a
flume by varying the propeller gap, propeller diameter, and speed. The experiments
simulated (1) a freely expanded propeller jet flow, with no interference from any berth
structures, (2) a pile-type berth structure. The scour tests for no structure and the scour
around a single pile induced by the propeller’s jet flow on four different sand beds (dso =
0.52 mm, 1.28 mm, 4.0 mm, and 8.3 mm) at three different gaps, propeller sizes, and
speeds, were examined in a laboratory flume. The following results were obtained:

The densimetric Froude number (Frq) and gap ratio (G/Dp) are dimensionless
parameters that affect the scouring formation, and these parameters may be used for the
determination of the scour initiation induced by a propeller jet. However, there are
several studies addressing scour initiation by using a wall jet instead of a propeller jet.
In addition, studies conducted with a propeller jet flow, such as Hamill [7], Hamill et al.
[9] and Hong et al. [5], examined their results with a limited dataset. Thanks to this
study an equation using Frq has been developed and demonstrated and it has been
evaluated that the propeller gap ratio can be used for the consideration of critical
conditions within a data set with a wider range of 1.95 < Frg < 15.01 and 0.77< G/Dp<
3.08.

An explanation of the scour formation of cohesionless sediments by a propeller jet
without considering its structure has also been given in this study. The shape of
scouring formations have been found to be highly related to Frq and G/Dy. The scour

formation induced by a propeller jet was defined by Hong et al. [5] as: (1) primary scour
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hole, (2) small scour hole, and (3) dune or deposition mound. The scour formations in
the current experiment aresimilar to those observed by Hong et al. [5]. However, no
defined limitations have been given between these two scour holes in the literature. This
study reports that the small scour hole under the propeller is formed only for values of
Frq smaller than 5.3G/Dy, as defined in Equation (6.3), by considering all the scours
formed by test results 1.95 < Frg< 15.01.

Parameters affecting the scour dimensions (Ssmax, Bsmax, and Lsmax) such as the propeller
speed (rpm), diameter, and propeller gap were tested. Chiew and Lim [2] have
provided a correlation between the scour hole dimensions and Frg for a submerged
circular jet. However, no such correlation is proposed for the propeller jet flow. Only
Hong et al. [5] have stated that tests of Ssmax/Dp conducted with a propeller jet tend to
merge into a trend for the jet flow similar to the study conducted by Chiew and Lim [2].
Based on the current experimental data primary scour dimensions, Ssmax/Dp, Bsmax/Dp,
and Lsmax /Dp were found to be related to Frq for the propeller jet flow as given in
Equations (6.7), (6.8) and (6.9), respectively.

In the present study, the relationship between the scour hole dimensions and Frqg for
both a submerged circular jet and a propeller jet show significant differences. In
general, for the same Frq values, propeller jets induce smaller scour depths, widths, and
lengths. This is because a circular jet causes more effective kinds of scour than a
propeller jet of similar velocity owing to the angle of incidence of the water jet with the
bed as stated by Hawkswood et al. [78].

The distance from the propeller face to the location of maximum scour depth (Xmu) has
also been defined by Hamill et al. [9] by considering Frq and the propeller clearance. In
this study, this distance has been found to be highly dependent on the propeller
diameter. Thus, Equation (6.15) is proposed for the maximum scour depth location
(Xmu) based on the relationship between the propeller diameter, propeller gap, and
densimetric Froude number (i.e., sediment bed characteristics and efflux velocity) when
1.89 <Frg< 15.01.

The use of Equation (6.13) presented within this study allows the estimation of the
maximum scour depth (Ssmax) by considering the critical Froude number for the scour
initiation. This study also presents a relationship between the Sma/Dp, and G/D,

considering the sediment bed size (dso) for the propeller jet flow.
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The equations presented within this study now provide the engineer with the ability to
estimate the scour dimensions for the propeller jet flow conditions with the assumption

of zero advance speeds, simulating the maneuveringoperation of a ship.

The critical condition for the scour initiation induced by the propeller jet around a pile
was found to be a function of the densimetric Froude number (Frq) and of the gap ratio
(G/Dp).

During the tests of present study, three different characteristic scour profiles were
defined around a pile-type berth structure for fixed locations, at varying pile sizes, for
0.72 < X/do < 2.5. These profiles varied as a function of the dominant parameters of the
pile diameter (do). Type 1 and Type 2 scour formations were observed using only
smaller pile diameters were used for G/d, > 2.3, while Type 3 scour profiles were
formed with G/d, < 2.3. However, the specified limit may not be defined to exist
between the Type 1 and Type 2 scour profiles, but was identified by the existence of
small scour holes beneath the propeller.

Changing distances between the propeller and the pile, caused changes in the
predominant mechanism responsible for the scouring formation from the pile vortex to
the propeller jet mechanism. The effective pile location was always found downstream
of the point where lower jet layer intersected the original bed level (Xint). Test results
conducted for different locations of a pile for 2.5 < X/do < 10 showed that the
predominant effective mechanism due to the pile vortex mechanism became less
prominent, and that the propeller jet mechanism became more effective on the scouring
formation at increasing distances. Beyond this distance, the propeller jet flow
mechanism became the dominant mechanism for the formation of scouring at Xe/do >
7.5, which always occurs downstream from the point where the propeller jet flow was

fully developed at Xint/do > 6.0.

This study also presents the empirical equations developed for the estimation of final
scour depths at the toe of the pile (So) based on the consideration of fixed and changing
pile locations from the propeller’s face. Engineers should know the locations of local
scour because pile type berth structures could collapse and fall into their own scour
hole. However, the presented equations provide the opportunity to estimate scour depths
owing to propeller washes at the toe of the pile.
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Tests for the investigation of the scour mechanism induced by the propeller jet around
the two-pile tandem arrangements showed that different pile spacings (Xt = 2.5do, 5do,
7.5d,) are also descriptive for scour dimensions. The scour at the toe of second pile is
always smaller than the first pile (So2 < So) after Xt = 3do because jet diffusion energy
decays due to the first pile, which was determined during a test conducted by using a
wall jet by Yuksel et al. [70]. In addition, the scour at the toe of the second pile (So2)
intersects with the scour profile for no pile case at Xs=5.5do- 6.5do. In other words, the
pile obstruction mechanism is not effective on the scour profile beyond the distance
between the propeller and the second pile when Xs=5.5d.- 6.5d, valid for 3.1 < Xs/do <
13.5 and 9.69 < Frg <15.01.

Besides the tests and their results so far, in the present study also the design of scour
protection around a verical pile was examined with a sample experiment. The
application of rock protection in two layers was tested by using different methods given
in the previous studies (PIANC [76], BAW [74] and [75], Fuehrer and Romisch [22]).
The Dutch method supplies safer results when compared with the results of the
experiments conducted for the rock protection within the context of this study.
However, further study is needed to explain the critical bed velocity in order to

determine the armor layer for without scour condition around a pile structure.
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APPENDIX-A

SCOUR PROFILES

This appendix contains an additional overview of the scour profiles. Scour profiles have

been included for different test conditions.
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Figure A.1 Scour profile without structure with D,=6.5 cm, at 597 rpm, G=10 cm, on
sediment bed of dsp=0.052 cm
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Figure A.2 Scour profile without structure with Dy=6.5 cm, at 671 rpm, G=10 cm, on
sediment bed of dso=0.052 cm
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Figure A.3 Scour profile without structure with D,=6.5 cm, at 744 rpm, G=10 cm, on

sediment bed of dsp=0.052 cm
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Figure A.4 Scour profile without structure with Dp,=10 cm, at 595 rpm, G=10 cm, on

sediment bed of ds0=0.052 cm
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Figure A.5 Scour profile without structure with Dp,=10 cm, at 665 rpm, G=10 cm, on

sediment bed of ds0=0.052 cm
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Figure A.6 Scour profile without structure with Dp=10 cm, at 774 rpm, G=10 cm, on
sediment bed of dso=0.052 cm
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Figure A.7 Scour profile without structure with Dp=6.5 cm, at 597 rpm, G=15 cm, on
sediment bed of ds0=0.052 cm
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Figure A.8 Scour profile without structure with D,=6.5 cm, at 670 rpm, G=15 cm, on
sediment bed of dso=0.052 cm
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Figure A.9 Scour profile without structure with Dy=6.5 cm, at 745 rpm, G=15 cm, on

sediment bed of ds0=0.052 cm
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Figure A.10 Scour profile without structure with Dp=10 cm, at 596 rpm, G=15 cm, on
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Figure A.11 Scour profile without structure with Dp=10 cm, at 670 rpm, G=15 cm, on

sediment bed of ds50=0.052 cm
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Figure A.12 Scour profile without structure with Dp=10 cm, at 745 rpm, G=15 cm, on
sediment bed of ds0=0.052 cm
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Figure A.13 Scour profile without structure with Dp=6.5 cm, at 597 rpm, G=20 cm, on
sediment bed of ds0=0.052 cm
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Figure A.14 Scour profile without structure with Dp=6.5 cm, at 672 rpm, G=20 cm, on
sediment bed of dso=0.052 cm
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Figure A.15 Scour profile without structure with Dp=6.5 cm, at 746 rpm, G=20 cm, on
sediment bed of ds=0.052 cm
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Figure A.16 Scour profile without structure with Dp=10 cm, at 597 rpm, G=20 cm, on
sediment bed of dso=0.052 cm
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Figure A.17 Scour profile without structure with Dp=10 cm, at 670 rpm, G=20 cm, on
sediment bed of dso=0.052 cm
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Figure A.18 Scour profile without structure with Dp=10 cm, at 745 rpm, G=20 cm, on

sediment bed of ds0=0.052 cm
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Figure A.19 Scour profile without structure with Dp=6.5 cm, at 595 rpm, G=10 cm, on

sediment bed of ds50=0.128 cm
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Figure A.20 Scour profile without structure with Dp=6.5 cm, at 670 rpm, G=10 cm, on

sediment bed of ds0=0.128 cm
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Figure A.21 Scour profile without structure with Dp=6.5 cm, at 744 rpm, G=10 cm, on

sediment bed of ds0=0.128 cm
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Figure A.22 Scour profile without structure with Dp=10 cm, at 596 rpm, G=10 cm, on

sediment bed of dsp=0.128 cm
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Figure A.23 Scour profile without structure with Dp=10 cm, at 673 rpm, G=10 cm, on

sediment bed of ds50=0.128 cm
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Figure A.24 Scour profile without structure with Dp=10 cm, at 746 rpm, G=10 cm, on

sediment bed of dsp=0.128 cm
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Figure A.25 Scour profile without structure with Dp=13 cm, at 591 rpm, G=10 cm, on

sediment bed of ds50=0.128 cm
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Figure A.26 Scour profile without structure with Dp=13 cm, at 666 rpm, G=10 cm, on

sediment bed of ds0=0.128 cm
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Figure A.27 Scour profile without structure with Dp=13 cm, at 743 rpm, G=10 cm, on
sediment bed of dso=0.128 cm
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Figure A.28 Scour profile without structure with Dp=6.5 cm, at 596 rpm, G=10 cm, on
sediment bed of dso=0.4 cm
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Figure A.29 Scour profile without structure with Dp=6.5 cm, at 673 rpm, G=10 cm, on
sediment bed of dso=0.4 cm
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Figure A.30 Scour profile without structure with Dp=6.5 cm, at 746 rpm, G=10 cm, on
sediment bed of dso=0.4 cm
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Figure A.31 Scour profile without structure with Dp=10 cm, at 596 rpm, G=10 cm, on
sediment bed of dso=0.4 cm
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Figure A.32 Scour profile without structure with Dp=10 cm, at 670 rpm, G=10 cm, on
sediment bed of dso=0.4 cm
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Figure A.33 Scour profile without structure with Dp=10 cm, at 744 rpm, G=10 cm, on

sediment bed of ds0=0.4 cm
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Figure A.34 Scour profile without structure with Dp=13 cm, at 591 rpm, G=10 cm, on

sediment bed of ds0=0.4 cm
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Figure A.35 Scour profile without structure with Dp=13 cm, at 665 rpm, G=10 cm, on

sediment bed of ds0=0.4 cm
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Figure A.36 Scour profile without structure with Dp=13 cm, at 738 rpm, G=10 cm, on
sediment bed of dso=0.4 cm
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Figure A.37 Scour profile without structure with Dp=10 cm, at 595 rpm, G=10 cm, on
sediment bed of ds0=0.83 cm
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Figure A.38 Scour profile without structure with Dp=10 cm, at 670 rpm, G=10 cm, on
sediment bed of ds0=0.83 cm
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Figure A.39 Scour profile without structure with Dp=10 cm, at 744 rpm, G=10 cm, on
sediment bed of ds0=0.83 cm

30

2 ——Scour profile

20

15 +

10 ——di)
5 | /N

i

| / \
0

5 10\"10 25 30 35 40 45 50 55 60 65 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175
-5

W

S - Erosion / Deposition (cm)

-10

X - Horizontal Distance (cm)

Figure A.40 Scour profile without structure with Dp=13 cm, at 593 rpm, G=10 cm, on
sediment bed of ds0=0.83 cm
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Figure A.41 Scour profile without structure with Dp=13 cm, at 665 rpm, G=10 cm, on
sediment bed of dso=0.83 cm
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Figure A.42 Scour profile without structure with Dp=13 cm, at 744 rpm, G=10 cm, on

sediment bed of dsp=0.83 cm
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Figure A.43 Scour profile without structure with Dp=10 cm, at 664 rpm, G=15 cm, on

sediment bed of dsp=0.83 cm
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Figure A.45 Scour profile without structure with Dp=13 cm, at 592 rpm, G=15 cm, on
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Figure A.46 Scour profile without structure with Dp=13 cm, at 665 rpm, G=15 cm, on
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Figure A.47 Scour profile without structure with Dp=13 cm, at 739 rpm, G=15 cm, on

sediment bed of ds0=0.83 cm
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Figure A.49 Scour profile without structure with Dp=13 cm, at 664 rpm, G=20 cm, on
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Figure A.50 Scour profile without structure with Dp=13 cm, at 738 rpm, G=20 cm, on

sediment bed of ds0=0.83 cm
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Figure A.51 Scour profiles on different sediment beds with D,=6.5 cm, G=10 cm, at 40 Hz
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Figure A.52 Scour profiles on different sediment beds with Dp=6.5 cm, G=10 cm, at 45 Hz
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Figure A.53 Scour profiles on different sediment beds with Dp=6.5 cm, G=10 cm, at 50 Hz

244



w
=3

25

20

50 S5 65 70 7SW 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175

S - Erosion / Deposition (cm)

——scour profile with sediment bed size of 0.052 cm
——scour profile with sediment bed size of 0.128 cm
——scour profile with sediment bed size of 0.4 cm
—s—scour profile with sediment bed size of 0.83 cm

X - Horizontal Distance (cm)

Figure A.54 Scour profiles on different sediment beds with Dp=10 cm, G=10 cm, at 40 Hz
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Figure A.55 Scour profiles on different sediment beds with Dp=10 cm, G=10 cm, 45 Hz
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Figure A.56 Scour profiles on different sediment beds with Dp=10 cm, G=10 cm, 50 Hz
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Figure A.57 Scour profiles on different sediment beds with Dp=13 cm, G=10 cm, 40 Hz
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Figure A.58 Scour profiles on different sediment beds with Dp=13 cm, G=10 cm, 45 Hz
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Figure A.59 Scour profiles on different sediment beds with Dp=13 cm, G=10 cm, 50 Hz
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Figure A.60 Scour profiles with different gaps of propeller (Dp=10cm, at 40 Hz on sediment
bed ds0=0.052 cm)
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Figure A.61 Scour profiles with different gaps of propeller (Dp=10 cm, at 45 Hz on sediment
bed dso=0.052 cm)
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Figure A.62 Scour profiles with different gaps of propeller with (D,=10 cm, at 50 Hz on
sediment bed dsp=0.052 cm)
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Figure A.63 Scour profiles with different gaps of propeller (Dp=6.5 cm, at 40 Hz on
sediment bed dsp=0.052 cm)
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Figure A.64 Scour profiles with different gaps of propeller with (Dp=6.5 cm, at 45 Hz
on sediment bed dsp=0.052 cm)
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Figure A.65 Scour profiles with different gaps of propeller (Dp=6.5 cm, at 50 Hz on
sediment bed dsp=0.052 cm)
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Figure A.66 Scour profiles with different gaps of propeller with (Dp=13 cm, at 40 Hz on
sediment bed dsp=0.83 cm)
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Figure A.67 Scour profiles with different gaps of propeller (Dp=13 cm, at 45 Hz on
sediment bed dso=0.83 cm)
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Figure A.68 Scour profiles with different gaps of propeller (Dp=13 cm, at 50 Hz on
sediment bed dsp=0.83 cm)
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Figure A.69 Variation of So/d, with Rep, on sediment bed of dso=1.28 mm (Dp=6.5 cm,

10 cm and 13 cm at propeller speed of 590 rpm, 670 rpm and 745 rpm)
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Figure A.70 Variation of So/do with Rer on sediment bed of dso=1.28 mm (D,=6.5 cm,

10 cm and 13 cm at propeller speed of 590 rpm, 670 rpm and 745 rpm)
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Figure A.71 Variation of So/do with Rer on sediment bed of dso=4.0 mm (Dp=6.5 cm,
10 cm and 13 cm at propeller speed of 590 rpm, 670 rpm and 745 rpm)
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Figure A.72 Variation of Se/d, with Rep on sediment bed of dso=4.0 mm (Dp=6.5 cm, 10
cm and 13 cm at propeller speed of 590 rpm, 670 rpm and 745 rpm)
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Figure A.73 Variation of So/d, with Rer on sediment bed of dso=8.3 mm (Dp=6.5 cm, 10
cm and 13 cm at propeller speed of 590 rpm, 670 rpm and 745 rpm)
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Figure A.74 Variation of So/d, with Rer on sediment bed of dso=8.3 mm (Dp=6.5 cm, 10
cm and 13 cm at propeller speed of 590 rpm, 670 rpm and 745 rpm)

252



[

i

T

i

: /‘\\‘ X - Horizontal Distance (cm)

-15-10 -5 5 1§ 15 0 25 30 35 45 50 55 60 65 70 75 80 85 90 95 100105110115120125130135140145150155160165170
*

—e— scour profile on sediment bed d50=0.052 cm

a

S - Erosion / Deposition (cm)

—e— scour profile on sediment bed d50=0.128 cm

N
(=]

—s—scour profile on sediment bed d50=0.4 cm
—e—no scour on sediment bed d50=0.83 cm

N
a
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Figure A.76 Scour formations around 4 cm pile on different sediment beds with Dp=6.5
cm, 45 Hz, G=10 cm
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Figure A.77 Scour formations around 4 cm pile on different sediment beds with Dy=6.5
cm, 50 Hz, G=10 cm
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Figure A.78 Scour formations around 4 cm pile on different sediment beds with D,=10
cm, 40 Hz, G=10 cm
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Figure A.79 Scour formations around 4 cm pile on different sediment beds with D,=10
cm and 45 Hz, G=10 cm
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Figure A.80 Scour formations around 4 cm pile on different sediment beds with D,=10
cm, 50 Hz, G=10 cm
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Figure A.84 Scour formations around 9 cm pile on different sediment beds with D,=6.5
cm, 40 Hz, G=10 cm
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Figure A.85 Scour formations around 9 cm pile on different sediment beds with Dp=6.5
cm, 45 Hz, G=10 cm
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Figure A.86 Scour formations around 9 cm pile on different sediment beds with Dy=6.5
cm, 50 Hz, G=10 cm
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Figure A.97 Scour formations around 14 cm pile on different sediment beds with D,=10
cm, 45 Hz, G=10 cm
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Figure A.98 Scour formations around 14 cm pile on different sediment beds with Dp=10
cm, 50 Hz, G=10 cm
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Figure A.103 Scour profiles with pile and without pile conditions (Dp=6.5 cm, G=10

cm, at 45 Hertz on dso=0.128 cm sediment bed)
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Figure A.104 Scour profiles with pile and without pile conditions (D,=6.5 cm, G=10

cm, at 50 Hertz on dsp=0.128 cm sediment bed)
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Figure A.105 Scour profiles with pile and without pile conditions (Dp=10 cm, G=10 cm,

at 40 Hertz on dsp=0.128 cm sediment bed)
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Figure A.107 Scour profiles with pile and without pile conditions (Dp=10 cm, G=10 cm,

at 50 Hertz on dsp=0.128 cm sediment bed)
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Figure A.108 Scour profiles with pile and without pile conditions (Dp=13 cm, G=10 cm,
at 40 Hertz on dsp=0.128 cm sediment bed)
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Figure A.109 Scour profiles with pile and without pile conditions (Dp=13 cm, G=10 cm,
at 45 Hertz on dso=0.128 cm sediment bed)

30

——Scour profile
25

20

() N

———————— T %——
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 10‘5'3)[1‘15 120 125 130 135 140 145 150 155 160 165 170 175 180
K]

I, /
w M\_‘ M
15 o

S - Erosion / Deposition (cm)

-20

X - Horizontal Distance (cm)

Figure A.110 Scour profiles with pile and without pile conditions (Dp=13 cm, G=10 cm,
at 50 Hertz on dso=0.128 cm sediment bed)

264



30
—e—scour profile with do =4 cm
25 ——Scour profile with do=9 cm
> scour profile with do=14 cm
E }f“ !
c hv
2 !
B i
g 15 i
2 i
ﬂJ
a i
T 10 '
2 !
2 i
S i
sos i
v i
i
[I I RSN NN _ — - T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60 65 70
-5
X - Horizontal Distance (cm)

Figure A.111 Scour profiles with pile and without pile conditions (Dp=6.5 cm, G=20
cm, at 40 Hertz on ds0=0.128 cm sediment bed)

30
—e—scour profile with do =4 cm
2 ——scour profile with do=9 cm
> scour profile with do=14 cm
E 2 }ft !
c hv
2 !
£ i
g 15 i
2 i
ﬂJ
a i
T 10 '
2 !
2 i
S i
Sos i
i i
i
0 S S e 7\_~A 'ﬁ: * ._.-._’_’-: ¥ >— T T T T T T 1
5% 20 25 30 35 40 45 50 55 60 65 70
-5
X - Horizontal Distance (cm)

Figure A.112 Scour profiles formation with pile and without pile conditions (Dp=6.5
cm, G=20 cm, at 45 Hertz on dso=0.128 cm sediment bed)
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Figure A.133 Scour profiles with pile and without pile (Dp=6.5 cm, G=20 cm, at 50
Hertz on ds0=0.128 cm sediment bed)
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Figure A.114 Scour profiles with pile and without pile conditions (Dp=10 cm, G=20 cm,

at 40 Hertz on dso=0.128 cm sediment bed)

S- Erosion / Deposition (cm)

——scour profile with do =4 cm

—— Scour profile with do=9 cm

scour profile with do=14 cm

25|
20
5
0
5
5
10
5

(]

{0
v

|
|
i
! /_/\\
1
! / ’,:bir
Ny |\& y
S\\10 20~..7.5\3() 35 40 45.5 65 70 90 95 100105110115120125130135140145150155160165170175

AN

-

X - Horizontal Distance (cm)

Figure A.115 Scour profiles with pile and without pile conditions (Dp=10 cm, G=20 cm,
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at 45 Hertz on dso=0.128 cm sediment bed)
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Figure A.116 Scour profiles with pile and without pile conditions (Dp=10 cm, G=20 cm,

at 50 Hertz on ds0=0.128 cm sediment bed)
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Figure A.117 Scour profiles with pile and without pile conditions (Dp=13 cm, G=20 cm,
at 40 Hertz on dsp=0.128 cm sediment bed)
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Figure A.118 Scour profiles with pile and without pile conditions (Dp=6.5 cm, G=10

cm, at 40 Hertz on dso=0.4 cm sediment bed)
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Figure A.119 Scour profiles with pile and without pile conditions (Dp=6.5 cm, G=10

cm, at 45 Hertz on dso=0.4 cm sediment bed)
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Figure A.122 Variation of So/Dp with Frg with a pile on sediment bed of dso=4 mm
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Figure A.123 Variation of So/Dp with Frg with a pile on sediment bed of dsp=4 mm
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Figure A.124 Variation of So/Dp with Frg with a pile on sediment bed of dsp=4 mm
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Figure A.125 Variation of So/Dp with Frg with a pile on sediment bed of ds=8.3 mm
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Figure A.128 Scour profiles with pile and without pile conditions (Dp=6.5 cm, G=10

cm, at 50 Hertz on dso=0.4 cm sediment bed)
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Figure A.129 Scour profiles with pile and without pile conditions (Dp=10 cm, G=10

cm, at 40 Hertz on dso=0.4 cm sediment bed)
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Figure A.130 Scour profiles with pile and without pile conditions (Dp=10 cm, G=10 cm,

at 45 Hertz on dso=0.4 cm sediment bed)
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Figure A.131 Scour profiles with pile and without pile conditions (Dp=10 cm, G=10 cm,
at 50 Hertz on dso=0.4 cm sediment bed)
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Figure A.132 Scour profiles with pile and without pile conditions (Dp=13 cm, G=10 cm,
at 40 Hertz on dso=0.4 cm sediment bed)
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Figure A.133 Scour profiles with pile and without pile conditions (Dp=13 cm, G=10 cm,

at 45 Hertz on dso=0.4 cm sediment bed)
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Figure A.134 Scour profiles with pile and without pile conditions (Dp=13 cm, G=10 cm,

at 45 Hertz on dso=0.4 cm sediment bed)
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Figure A.135 Scour profiles with pile and without pile conditions (Dp=10 cm, G=15

cm, at 40 Hertz on ds0=0.4 cm sediment bed)
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Figure A.136 Scour profiles with pile and without pile conditions (Dp=10 cm, G=15 cm,

at 45 Hertz on dso=0.4 cm sediment bed)
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Figure A.137 Scour profiles with pile and without pile conditions (Dp=10 cm, G=15 cm,
at 50 Hertz on dso=0.4 cm sediment bed)
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Figure A.138 Scour profiles with pile and without pile conditions (Dp=13 cm, G=15 cm,
at 40 Hertz on dso=0.4 cm sediment bed)
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Figure A.139 Scour profiles with pile and without pile conditions (Dp=13 cm, G=15 cm,
at 45 Hertz on dso=0.4 cm sediment bed)
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Figure A.140 Scour profiles with pile and without pile conditions (Dp=13 cm, G=15 cm,

at 50 Hertz on dso=0.4 cm sediment bed)
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Figure A.141 Scour profiles with pile and without pile conditions (Dp=10 cm, G=20 cm,

at 40 Hertz on dso=0.4 cm sediment bed)
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Figure A.142 Scour profiles with pile and without pile conditions (Dp=10 cm, G=20 cm,

at 45 Hertz on dso=0.4 cm sediment bed)
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Figure A.143 Scour profiles with pile and without pile conditions (Dp=10 cm, G=20 cm,
at 50 Hertz on dso=0.4 cm sediment bed)
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Figure A.144 Scour profiles with pile and without pile conditions (Dp=13 cm, G=20 cm,
at 40 Hertz on dso=0.4 cm sediment bed)
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Figure A.145 Scour profiles with pile and without pile conditions (Dp=13 cm, G=20 cm,

at 45 Hertz on dso=0.4 cm sediment bed)
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Figure A.146 Scour profiles with pile and without pile conditions (Dp=13 cm, G=20 cm,
at 50 Hertz on dso=0.4 cm sediment bed)
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Figure A.147 Scour profiles with pile and without pile conditions (Dp=6.5 cm, G=10
cm, at 40 Hertz on ds0=0.052 cm sediment bed)
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Figure A.148 Scour profiles with pile and without pile conditions (D,=6.5 cm, G=10

cm, at 45 Hertz on ds0=0.052 cm sediment bed)
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Figure A.149 Scour profiles with pile and without pile conditions (Dp=6.5 cm, G=10
cm, at 50 Hertz on ds0=0.052 cm sediment bed)
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Figure A.150 Scour profiles with pile and without pile conditions (Dp=10 cm, G=10 cm,
at 40 Hertz on ds0=0.052 cm sediment bed)
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Figure A.151 Scour profiles with pile and without pile conditions (Dp=10 cm, G=10 cm,
at 45 Hertz on ds0=0.052 cm sediment bed)
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Figure A.152 Scour profiles with pile and without pile conditions (Dp=10 cm, G=10 cm,
at 50 Hertz on ds0=0.052 cm sediment bed)
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Figure A.153 Scour profiles with pile and without pile conditions (Dp=6.5 cm, G=15
cm, at 40 Hertz on dso=0.052 cm sediment bed)
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Figure A.154 Scour profiles with pile and without pile conditions (Dp=6.5 cm, G=15
cm, at 45 Hertz on ds0=0.052 cm sediment bed)
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Figure A.155 Scour profiles with pile and without pile conditions (D,=6.5 cm, G=15

cm, at 50 Hertz on dso=0.052 cm sediment bed)
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Figure A.156 Scour profiles with pile and without pile conditions (Dp=10 cm, G=15 cm,

at 40 Hertz on dso=0.052 cm sediment bed)
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Figure A.157 Scour profiles with pile and without pile conditions (Dp=10 cm, G=15 cm,

at 45 Hertz on dsp=0.052 cm sediment bed)
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Figure A.158 Scour profiles with pile and without pile conditions (Dp=10 cm, G=15 cm,
at 50 Hertz on ds0=0.052 cm sediment bed)
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Figure A.159 Scour profiles with pile and without pile conditions (Dp=6.5 cm, G=20
cm, at 40 Hertz on dso=0.052 cm sediment bed)
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Figure A.160 Scour profiles with pile and without pile conditions (Dp=6.5 cm, G=20
cm, at 45 Hertz on ds0=0.052 cm sediment bed)
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Figure A.161 Scour profiles with pile and without pile conditions (Dp=6.5 cm, G=20
cm, at 50 Hertz on ds0=0.052 cm sediment bed)
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Figure A.162 Scour profiles with pile and without pile conditions (Dp=10 cm, G=20 cm,
at 40 Hertz on ds0=0.052 cm sediment bed)
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Figure A.163 Scour profiles with pile and without pile conditions (Dp=10 cm, G=20 cm,
at 45 Hertz on dsp=0.052 cm sediment bed)
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Figure A.164 Scour profiles with pile and without pile conditions (Dp=10 cm, G=20 cm,
at 50 Hertz on dsp=0.052 cm sediment bed)
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Figure A.165 Scour profiles with pile and without pile conditions (Dp=10 cm, G=10 cm,
at 40 Hertz on ds0=0.83 cm sediment bed)
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Figure A.166 Scour profiles with pile and without pile conditions (Dp=10 cm, G=10 cm,
at 45 Hertz on ds0=0.83 cm sediment bed)
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Figure A.167 Scour profiles with pile and without pile conditions (Dp=10 cm, G=10 cm,
at 50 Hertz on dso=0.83 cm sediment bed)
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Figure A.168 Scour profiles with pile and without pile conditions (Dp=13 cm, G=10 cm,
at 40 Hertz on ds0=0.83 cm sediment bed)
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Figure A.169 Scour profiles with pile and without pile conditions (Dp=13 cm, G=10 cm,
at 45 Hertz on dso=0.83 cm sediment bed)
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Figure A.170 Scour profiles with pile and without pile conditions (Dp=13 cm, G=10 cm,
at 50 Hertz on dso=0.83 cm sediment bed)
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Figure A.171 Scour profiles with pile and without pile conditions (Dp=13 cm, G=15 cm,
at 40 Hertz on ds0=0.83 cm sediment bed)
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Figure A.172 Scour profiles with pile and without pile conditions t (Dp=13 cm, G=15

cm, at 45 Hertz on ds0=0.83 cm sediment bed)
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Figure A.173 Scour profiles with pile and without pile conditions (Dp=13 cm, G=15 cm,
at 50 Hertz on dso=0.83 cm sediment bed)
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Figure A.174 Scour profiles with pile and without pile conditions (Dp=13 cm, G=20 cm,
at 40 Hertz on ds0=0.83 cm sediment bed)
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Figure A.175 Scour profiles with pile and without pile conditions (Dp=13 cm, G=20 cm,
at 45 Hertz on ds0=0.83 cm sediment bed)

286



30
——scour profile without pile
——scour profile with do =4 cm

25 ——Scour profile with do=9 cm
— “-W scour profile with do=14 cm
E 2 4
c )
2
£ 15 T
o I
o !
@ i
2 10 !
~
c
k]
8 s
w /7<\f\\\

0 foeeereomy T L > A e e e AL A e e S S s e e A S

5 101! 4 0 55 60 65 7%0 95 100105110115120125130135140145150155160 165170 175
? S
-10
X - Horizontal Distance (cm)

Figure A.176 Scour profiles with pile and without pile conditions (Dp=13 cm, G=20 cm,
at 50 Hertz on dso=0.83 cm sediment bed)
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Figure A.177 Scour profile without pile condition and scour depths at the toe of pile
(So) for different gaps of the propeller on dse=1.28 mm bed (Dp=6.5 cm with 590 rpm)
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Figure A.178 Scour profile without pile condition and scour depths at the toe of pile
(So) for different gaps of the propeller on dso=1.28 mm bed (Dp=6.5 cm with 670 rpm)
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Figure A.179 Scour profile without pile condition and scour depths at the toe of pile
(So) for different gaps of the propeller on dsp=1.28 mm bed (Dp=6.5 cm with 745 rpm)
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Figure A.180 Scour profile without pile condition and scour depths at the toe of pile
(So) for different gaps of the propeller on dsp=1.28 mm bed (Dp=13 cm with 590 rpm)
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Figure A.181 Scour profile without pile condition and scour depths at the toe of pile
(So) for different gaps of the propeller on dsp=1.28 mm bed (Dp=13 cm with 670 rpm)
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Figure A.182 Scour profile without pile condition and scour depths at the toe of pile
(So) for different gaps of the propeller on dsp=1.28 mm Bed (Dp=13 cm with 670 rpm)

289



CURRICULUM VITAE

PERSONAL INFORMATION

Name Surname : Remziye {layda TAN

Date of birth and place : 24.06.1988, Edirne

Foreign Languages : English

E-mail s itan@inm.yildiz.edu.tr

EDUCATION

Degree Department University Date of
Graduation

Master Civil Engineering Yildiz Technical University  06.02.2013

Undergraduate ~ Environmental Yildiz Technical University ~ 01.02.2011

Engineering

Undergraduate  Civil Engineering Yildiz Technical University ~ 01.02.2011
(Double Major)

High School Besiktas Atatiirk Anadolu 19.06.2006
High Scool

WORK EXPERIENCE

Year Corporation / Institute Enrollment

2014-2019 Yildiz Technical University

290



PUBLICATIONS

Papers

1. Tan, R.1. and Yiiksel Y., (2018). “Seabed scour induced by a propeller jet”, Ocean
Engineering, (160): 132-142.

2. Yiiksel, Y., Tan R.I. and Celikoglu Y., (2018). “Propeller Jet Flow Scour Around a
Pile Structure”, Applied Ocean Research, (79): 160-172.

Conference Papers

1. Yiiksel Y., Celikoglu Y., Tan R.I., Atik T., (2018). “Liman Su Alanlarinda Gemi
Pervanelerinin Etkisinde Tabanda Hareketin Baslangici”, 9’uncu Kiy1 Miihendisligi
Sempozyumu, 1-3 November 2018, Adana.

2. Yiiksel Y., Tan R.i., Celikoglu Y., Atik T., (2018). “Scour Mechanism Induced by
Propeller Flow Near a Quay Wall”, 36" International Conference on Coastal
Engineering, 30 June - 3 August 2018, Baltimore.

3. Yiiksel Y., Tan R.1., Celikoglu Y., (2016). “Propeller Jet Flow Around Pile Groups",
IX. PIANC-COPEDEC, 16-21 October 2016, Rio de Janeiro, 84-85.

4. Tan R.1, Yiiksel Y., Celikoglu Y., (2017). “Propeller Jet Flow Pile Supported Piers
And Sea Bed Interaction”, 35th International Conference on Coastal Engineering, 17-20
November 2017, Antalya, (35): 1-8.

5. Yiiksel Y., Tan R.I., Ayat Aydogan B., Giiner A.A., Aydogan B., Seker D.Z., (2014).
“Karasu Kiy1 Alaninin Biitiinlesik Modeli”, 8. Kiy1 Miihendisligi Sempozyumu, 7-9
November, 1-8 2014, Istanbul.

6. Yiiksel Y., Celikoglu Y., Saragoglu F.A., Tan R.I., (2014). “Gemi Pervane Jeti
Etkisinde Kazik Destekli Yanasma Yapilarinda Oyulma”, 8’inci Kiyr Miihendisligi
Sempozyumu, Tiirkiye.

7. Yiiksel Y., Tan R.I., Ayat Aydogan B., Giiner H.A., Aydogan B., Seker D.Z., (2013).
“A Coastal Management Case Study in Karasu at Black Sea Region”, Proceedings of
the Twenty-Third International Offshore and Polar Engineering, (ISOPE), 30 June - 5
July 2013, USA.

8. Acar U, Tan R.I., Giiler F., Béliikbas S., Giiner A.A., Bayram B., (2011).
“Automatic Shore Line Detection and Analyzing Sediment Transport: Case Study
Istanbul Terkoz/ Tiirkiye”, CoastGIS 2011, 5-8 September 2011, Oostende, (3): 63-71.

291



