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The Settling Velocity
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Forces on a settling particle

sedimentation speed
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Standard drag coefficient curve for
spheres
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The drag coefficient as a function of the
particle Reynolds number

Cd as a function of the Re number
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The drag coefficient as a function of the
particle Reynolds number

The drag coefficient for different shape factors
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The settling velocity of individual
particles

Laminar flow,d<0.1 mm, according to Stokes.

Vs =424[R 4 [d°

Transition zoneg>0.1 mm and d<1 mm according
to Budryck.

(1+95[R, [@°) -1

Turbulent flow,d>1 mm, according to Rittinger.
v, =870/R, [

With the relative density Rdefined as:

Rd _ pq ~Pw

Pw
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The settling velocity of individual
particles

Settling velocity of real sand particles
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The settling velocity of individual
particles using the shape factor

Settling velocity of particles using the shape factor
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The Reynolds number as a function of
the particle diameter

Reynolds number as a function of the particle diameter
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The hindered settling power according to
several researchers

Hindered settling power
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Erosion/Scour
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Theloading cycleof aTSHD

The hopper dredge cycle.
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Theloading part of thecycleof a TSHD

Load in tons

The loading curves for an 0.3 mm d50 sand.
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Phase 8 of the loading cycle

Erosion/scour startsto occur.
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The equilibrium of forces on a particle
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Camp approach
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History

Shields
Experiments
Hjulstrom
Sundborg
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The original Shields curve
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A modified Shields diagram
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Fig. 2. The proposed modified Shields curve of ; versus Re, based on additional carefully selected data. See Table 1 for
identification of the symbols.
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The original Shields diagram

Original Shields Diagram vs Theory Abschlaifin
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Data points

Data from Shields, Zanke, Julien, Yalin & Karahan & Soulsby
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The Hjulstrom curve

Cobbles Boulders
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The Hjulstrom diagram

000 o5 o 5 s 50
Grain diameter d (mm), for quarts in water of O degrees centigrade
Modified Hjulstrom Diagram
10" —
[A]
N
| ‘\‘\ Erosion ]
N ~ b B |
0 \ “i ’ﬂ‘ | —
10
) =
(o) — = /
2 n \‘\ Y
E .\ ‘-----!
N—r —— —
>
S 10
O v
I — -
z Transportation /
@
] /
= / Deposition
102
y 4
/
Vol
10% /
10?2 10™ 10° 10! 10 10° 10*
. Dimensionless grain diameter Dx
Hulstrom max Hulsrommin Hulstrommean

2

Dttt Univatsity o Techsolagy Faculty of 3mE — Chair of Dredging Engineering

Offshore & Dredging Engineering



The Sundborg-Hjulstrom diagram

Velocity (m/sec)
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Shields Diagram with Criterion for
Ripples (Chabert and Chauvin (1963))
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Classification of flow layers

T total shear stress

T, viscous shear stress

Velocity profile : Flow layer classification - T, turbulent shear stress

turbulent outer layer

viscous layer .T = T,=const.

Ty

bottom shear stress T,
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Classification of flow layers

*\Viscous sublayer: a thin layer just above the bottom. In this
layer there is almost no turbulence. Measurement shows that
the viscous shear stress in this layer is constant. The flow is
laminar. Abovethislayer the flow isturbulent.

eTrangtion layer: also called buffer layer. viscosity and
turbulence are equally important.

eTurbulent logarithmic layer: viscous shear stress can be
neglected in this layer. Based on measurement, it is assumed
that the turbulent shear stress is constant and eqgual to bottom
shear stress. It is in this layer where Prandtl introduced the
mixing length concept and derived the logarithmic velocity
profile.

*Turbulent outer layer: velocities are almost constant because
of the presence of |large eddies which produce strong mixing of
the flow.
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Friction velocity

The bottom shear stress is often represented by friction velocity
defined by

The term friction velocitycomes from the fact thw

has the same unit as velocity and it has something to do with
friction force
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Engineering classification

turbulent layer

_L 3y viscous sublayer

k=f (sediment diameter) k=f (height and length of sand ripples)

Hydraulically smooth flow Hydraulically rough flow

Velocity distribution:

Viscous sublayer Turbulent layer
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Engineering classification

*Hydraulically smooth flow fo
Vv

Bed roughness is much smaller than the thickness of visc
sublayer. Therefore, the bed roughness will not affect the velo
distribution

u
eHydraulically rough flow fo

Bed roughness is so large that it produces eddies close to the
bottom. A viscous sublayer does not exist and the flow velocity |
not dependent on viscosity.

*Hydraulically transitional flow forfsgs UKs <70
V

The velocity distribution is affected by bed roughness and
VISCOSIty.
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The velocity distribution
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The velocity distribution

_ V
Hydraulically smooth flowm Zy = 0-11Elu—
Hydraulically rough ro z, = 0.033[ky
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Wiberg & Smith (1987)

Fig. 1. Forces balance on a particle at the surface of a bed. F,,
Fp, F,, and Fy are the lift drag, gravitational, and resisting forces,
respectively; f is the slope of the bed, and ¢, is the particle angle of
repose.

2 1 (tan ¢, cos f — sin f)
(Cp), <f2(z/zo)> [1 + (F./Fp), tan ¢,]

(8)

(Tt)cr =
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Wiberg & Smith (1987)

1
u(z) = u*l:; In (1 +xz")— c(l — e FtALE

where z* = u_z/v= R, z/k, and z," =u,z,/v= R, z,/k,. The
coefficient c = k" ![In (z,¥) + In k] = —7.78 for hydraulically
smooth flow, since z, = v/(9u,). Figure 2 shows the velocity
profile calculated from (10) for R, = 1.0.

10 15 20
U(Z)/ U
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Wiberg & Smith (1987)
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The Physics

The equilibrium equations for sliding and rolling
The velocity distribution
The transition smooth-rough
The drag coefficient C
The lift coefficient G
The friction coefficient/angle of internal friction
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The velocity profile near the wall

The transition laminar - turbulent smooth
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The transition smooth-rough

The offset of the logaritmic velocity profile
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The angle of repose for granular material

Angle of repose vs particle diameter
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Drag induced sliding & rolling

Turbulent Laminar Turbulent Laminar

A: Sliding ' B: Rolling
Sliding
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Thye Drag Coefficient of Spheres

Drag coefficient of spheres
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The drag coefficient C,

The drag coefficient for different shape factors
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The Drag Coefficient for Natural
Sediments

The drag coefficient of natural sands
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Drag induced sliding & rolling

Only Drag & Gravity
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Drag & Lift induced sliding & rolling

Turbulent Laminar Turbulent Laminar

A: Sliding | B: Rolling
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The lift coefficient C,

Lift coefficient vs the boundary Reynolds number
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Drag & Lift induced sliding & rolling

Drag, Lift & Gravity
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Drag & Lift induced sliding & rolling

Turbulent Laminar Turbulent Laminar

A: Sliding | B: Rolling

Sliding
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Turbulence

A: Turbulence B: Turbulence
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Drag, Lift & Turbulence induced sliding &
rolling

Drag, Lift, Turbulence & Gravity
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Initiation of motion for sliding & rolling

Drag, Lift, Turbulence, Gravity & Transition Zone
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Sensitivity Analysis Shields
Curve
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Different Angles of Internal Friction

Drag, Lift, Turbulence, Gravity & Transition Zone
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Different Levels of Turbulence

Drag, Lift, Turbulence, Gravity & Transition Zone
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Sand Standard & Spheres with 2 C;’s

Drag, Lift, Turbulence, Gravity & Transition Zone
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Resulting Curves

Drag, Lift, Turbulence, Gravity & Transition Zone
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Sensitivities

Drag, Lift, Turbulence & Gravity
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The resulting curves

Sliding versus rolling for spheres
Different protrusion levels for spheres
Different protrusion levels for sand
The Shields-Parker diagram
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Exposure Levels - Protrusion Levels

Turbulent Laminar
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Exposure Levels Sliding

Exposure Levels, Sliding

g
N
=

&
2
o
S
@
o
@
a
n
o
Q
<
n

E=0.2

E=0.8

Soulsby i Yalin & Karahan Shields
'y ' A [ ]

« 2
TUDelft

Delft University of Technology Delft University of Technology — Offshore & Dredging Engineering

Offshore & Dredging Engineering




Exposure Levels Rolling

Exposure Levels, Rolling
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Exposure Levels Both (Spheres)

Exposure Levels, Mixed
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Exposure Levels Both, Bonneville
Parameter

Grain Diameter (mm)
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Different protrusion levels (sand)

Exposure Levels, Mixed, Sand Grains
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Exposure Levels Experiments

Protrusion Levels, Fenton & Abbot, Chin & Chiew, Coleman
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Stages of Entrainment

Delft Hydraulics (1972), Graf & Pazis (1977), Vanoni (1964), Dey (2007) & Zervogel (2003)
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Laminar Main Flow

Laminar Main Flow - Natural Sands
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Resulting Curves

Proposed Shields Curves
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The Shields-Parker diagram

Shields-Parker River Sedimentation Diagram
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Application of the model

The governing eguations
The friction coefficient
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Application to scour in a TSHD

First determine the friction velocity and the friction coefficient:
1.325 0.25

o d 575 ? of 4 575 ?
3.7[D Re%° J 3.7[D Re*

Second determine the Shields parameter for the grain diameter

2 2
0, = U :A Ug
R,m@ 8 R,
Third, determine the average velocity above the bed given a

grain diameter:
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The friction coefficient

Moody Diagram
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The Shields-Parker diagram

Shields-Parker River Sedimentation Diagram
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Hopper Sedimentation, verification

The loading curves.
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Questions?
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Sources images

A model cutter head, source: Delft University of Technology.
Off shore platform, source: Castrol (Switzerland) AG

Off shore platform, source: http://www.wireropetraining.com
The Amsterdam, source: IHC Merwede.
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