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5. SCOUR

5.1. Steady uniform flow in open channels

This chapter is written with a view to bottom scoline main outcome is the scour velocity
as a function of the particle diameter. The coatéirsystem applied in this chapter is shown
in Figure 34.
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Figure 34: Coordinate system for the flow in openttannels.

5.1.1. Types of flow

Description of various types of flow are given lire tfollowing.
Laminar versus turbulent

Laminar flow occurs at relatively low fluid velogitThe flow is visualized as layers which
slide smoothly over each other without macroscopiging of fluid particles. The shear
stress in laminar flow is given by Newton’s lawvigcosity:

~ u
W= QS 61

where ! is density of water and kinematic viscosity ( = 10i6 nf/s at 200C). Most flows
in nature are turbulent. Turbulence is generatednitability in the flow, which trigger
vortices. However, a thin layer exists near thendawmy where the fluid motion is still
laminar. A typical phenomenon of turbulent flowthie fluctuation of velocity

U=u+u' W=w+w (5.2)

Where: U and W are instantaneous velocities, inkadirections respectively

u and w time-averaged velocities, in x and z dioest respectively

u’ and w’ instantaneous velocity fluctuations, iamxd z directions respectively
Turbulent flow is often given as the mean flow, a@ésed byu andw. In turbulent flow the
water particles move in very irregular paths, cagisan exchange of momentum from one
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portion of fluid to another, and hence, the turbulent sletrass (Reynolds stress). The
turbulent shear stress, given by time-averaginfp@Navier-Stokes equation, is:

A= — U W' (5.3)

Note thatu'-W' is always negative. In turbulent flow both viscgsind turbulence contribute
to shear stress. The total shear stress is:

ARE AN+ V= @JW‘Q—!%%@JD'DW (5.4)

Steady versus unsteady

A flow is steady when the flow properties (e.g. sign velocity, pressure etc.) at any point
are constant with respect to time. However, thespasties may vary from point to point. In
mathematical language:

@Qany_flovgv_property) _0 (5.5)

In the case of turbulent flow, steady flow means that the statistical parar(mesn and
standard deviation) of the flow do not change wabpect to time. If the flow is not steady, it
is unsteady.

Uniform versus non-uniform

A flow is uniform when the flow velocity does nohange along the flow direction, see
Figure 35. Otherwise it is non-uniform flow.

S = surface slope = bottom slope = tang

Figure 35: Steady uniform flow in a open channel.
Boundary layer flow

Prandtl developed the concept of the boundary ldygrrovides an important link between
ideal-fluid flow and real-fluid flow. Here is theiginal description.

For fluids having small viscosity, the effect of internal friction in the floappreciable only
in a thin layer surrounding the flow boundaries.

However, we will demonstrate that the boundary dyHill the whole flow in open channels.
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The boundary layer thicknessis defined as the distance from the boundary serta the
point whereu = 0.995-U The boundary layer development can be expressed a

~ \—05 ~
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Figure 36: Development of the boundary layer.

5.1.2. Prandtl’s mixing length theory

Prandtl introduced the mixing length concept inesrthb calculate the turbulent shear stress.
He assumed that a fluid parcel travels over a kengefore its momentum is transferred.
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Figure 37: Prandtl's mixing length theory.
Figure 37 shows the time-averaged velocity profilee fluid parcel, located in layer 1 and

having the velocityu;, moves to layer 2 due to eddy motion. There isnoementum transfer
during movement, i.e. the velocity of the fluid palris stillu; when it just arrives at layer 2,
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and decreases tp some time later by the momentum exchange withrdthigl in layer 2.
This action will speed up the fluid in layer 2, whican be seen as a turbulent shear st2ess
acting on layer 2 trying to accelerate layer 2. Tharizontal instantaneous velocity
fluctuation of the fluid parcel in layer 2 is:

u'=u;—U,= A"z—: (5.8)

Assuming the vertical instantaneous velocity flation having the same magnitude:

W'=— A~d—u (5.9)
dz

where the negative sign is due to the downward meve of the fluid parcel, the turbulent
shear stress now becomes:

2
A= -0 = A {ﬁ—ul (5.10)
@lz
If we define kinematic eddy viscosity as:

e AD% (5.11)

the turbulent shear stress can be expressed iy gimdar to viscous shear stress:

A @mdd_: (5.12)

5.1.3. Fluid shear stress and friction velocity

Fluid shear stress

The forces on a fluid element with unit width isosm in Figure 38. Because the flow is
uniform (no acceleration), the force equilibriunxidirection reads:

W AX =dJg-Th-2z) Ax-Sin(B (5.13)
For small slope we hawan( ) 8tan( ) = S Therefore:

W=@g-Th-2)S (5.14)
The bottom shear stress is:

W=WMW,=gh-S (5.15)
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Figure 38: Fluid force and bottom shear stress.
Bottom shear stress
In the case of arbitrary cross section, the shieassacting on the boundary changes along

the wetted perimeter, cf. Fig.5. Then the bottorasistress means actually the average of
the shear stress along the wetted perimeter. Tee &guilibrium reads:

A0 AX = AU A AX-Sin(E (5.16)

where O is the wetted perimeter anfl the area of the cross section. By applying the
hydraulic radiusR = A/O) we get:

W= g RS (5.17)

In the case of wide and shallow chanifelis approximately equal tb and equation 5.15 is
identical to equation 5.17.

Friction velocity

The bottom shear stress is often represented dtjofrivelocity, defined by:

. = _G _8

The termfriction velocitycomes from the fact tha¢ & ! has the same unit as velocity and it
has something to do with friction force. Inserteguation 5.17 into equation 5.18, gives:

U. =4/g-R-S (5.19)

Viscous shear stress versus turbulent shear stress

Equation 5.15 states that the shear stress in ifhoneases linearly with water depth, see
Figure 39.
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Figure 39: Shear stress components and distribution

As the shear stress is consisted of viscosity armitence, we have:

W= A+ W= g Th-2)-S (5.20)

On the bottom surface, there is no turbulenser=0, u'=w'=0), the turbulent shear stress:

W= —Ju W' =0 (5.21)

Therefore, in a very thin layer above the bottommgaus shear stress is dominant, and hence
the flow is laminar. This thin layer is called vigs sub layer. Above the viscous sub layer,
i.e. in the major part of flow, the turbulent shesdress dominates, see Figure 39. The
measurement shows the shear stress in the visohutager is constant and equal to the
bottom shear stress, not increasing linearly weptd as indicated by Figure 39.

5.1.4. Classification of flow layers.

Scientific classification

Figure 40 shows the classification of flow layeétarting from the bottom we have:

1. Viscous sub layer: a thin layer just above thiédmo. In this layer there is almost no
turbulence. Measurement shows that the viscoug sheas in this layer is constant. The
flow is laminar. Above this layer the flow is tuikat.

2. Transition layer: also called buffer layer. visitp and turbulence are equally important.

3. Turbulent logarithmic layer: viscous shear stress be neglected in this layer. Based on
measurement, it is assumed that the turbulent stesss is constant and equal to bottom
shear stress. It is in this layer where Prandtoohiced the mixing length concept and
derived the logarithmic velocity profile.

4. Turbulent outer layer: velocities are almost tants because of the presence of large
eddies which produce strong mixing of the flow.
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Figure 40: Scientific classification of flow region (Layer thtkness is not to scale,
turbulent outer layer accounts for 80% - 90% of theregion).

Engineering classification

In the turbulent logarithmic layer the measuremestitisw that the turbulent shear stress is
constant and equal to the bottom shear stress. Bunang that the mixing length is
proportional to the distance to the bottoms (), Prandtl obtained the logarithmic velocity
profile.

Various expressions have been proposed for theiteldistribution in the transitional layer
and the turbulent outer layer. None of them areelyidaccepted. However, by the
modification of the mixing length assumption, sesinsection, the logarithmic velocity
profile applies also to the transitional layer d@hd turbulent outer layer. Measurement and
computed velocities show reasonable agreement.

Therefore in engineering point of view, a turbullayter with the logarithmic velocity profile
covers the transitional layer, the turbulent lothemic layer and the turbulent outer layer, see
Figure 41.

As to the viscous sub layer. The effect of the dmtt(or wall) roughness on the velocity
distribution was first investigated for pipe flow Nikuradse. He introduced the concept of
equivalent grain roughneg&s (Nikuradse roughness, bed roughness). Based omigueal
data, it was found

rU* °1( s

1. Hydraulically smooth flow fo €5, Bed roughness is much smaller than the

thickness of viscous sub layer. Therefore, the toegihness will not affect the velocity
distribution.

2. Hydraulically rough flow fo%}m, Bed roughness is so large that it produces

eddies close to the bottom. A viscous sub layer does not exist and the flow velocity is not

dependent on viscosity.
U* DT(S

3. Hydraulically transitional flow fob < €70, The velocity distribution is affected

by bed roughness and viscosity.
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Figure 41: Engineering classification of flow regia (Layer thickness is not to scale).

5.1.5. Velocity distribution

Turbulent layer

In the turbulent layer the total shear stress éostanly the turbulent shear stress. The total
shear stress increases linearly with depth (equétib5 or Figure 39), i.e.

Wz) = @\N@— ﬂ (5.22)

By Prandtl’'s mixing length theory:

A= M,&(@EI (5.23)
@z

and assuming the mixing length:

05
A INZ :@_ ﬂ (5.24)

©

with the Von Karman constant£0.4) andh>>z, we get:

d 1 . .
M- (5.25)
dz Nz | & Nz
Integration of the equation gives the famous ldgaric velocity profile:
Ue o (8Z }
u(z) =—-Inj-— .
="K [ 01 (5.26)
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where the integration constani is the elevation corresponding to zero velocitA£=0),
given by Nikuradse by the study of the pipe flows.

~ u. -k
z,=011 SQ Hydraulically smooth flow @S 5 (5.27)
z,= 0033k, Hydraulically rough flow U Ks 470 (5.28)

U QAkS

Zy= 011~2% 0.033'ks  Hydraulically transition flow 5<
u

*

<70 (5.29)

It is interesting to note that the friction velgeit-, which, by definition, has nothing to do
with velocity, is the flow velocity at the elevatia=z.¢ , thus:

U, an=Us (5.30)

In the study of sediment transport, it is importemknow that the friction velocity is the fluid
velocity very close to the bottom, see Figure 42.

Viscous sub layer

In the case of hydraulically smooth flow there is a viscous sub layer. Viscausstess is
constant in this layer and equal to the bottom iskiass, i.e.

- du
W= QS = 531)
Integrating and applying,=o=0 gives:

Wz U (5.32)

u@z)=—r-"~—= z

&Q Q

Thus, there is a linear velocity distribution inetiiscous sub layer. The linear velocity
distribution intersect with the logarithmic velocidistribution at the elevation=11.6 /u-,
yielding a theoretical viscous sub layer thickness:

4z=116 ULQ (5.33)
The velocity profile is illustrated in Figure 42,ithv the detailed description of the fluid

velocity near the bottom.

Bed roughness

The bed roughneds is also called the equivalent Nikuradse grain raggs, because it was

originally introduced by Nikuradse in his pipe fleexperiments, where grains are glued to
the smooth wall of the pipes. The only situationevehwe can directly obtain the bed

roughness is a flat bed consisting of uniform spbewhereks = diameter of sphere.
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But in nature the bed is composed of grains witfedint size. Moreover, the bed is not flat,
various bed forms, e.g. sand ripples or dunes,apiflear depending on grain size and current.
In that case the bed roughness can be obtainegdtigliby the velocity measurement.

U@ =& m() u@) == mn(3)
2 z
u(z) =£¥VL
U / \;.;(
Z z
‘. u
N zoef|— %
/ viscous sublayer K
z,e" s 6, =11.6UL‘ s Zo
Zy l
L 1 T TN x
STTTT 7777?777/—‘ X 7
ks =f(sediment diameter) ks =f (height and length of sand ripples)
Hydraulically smooth flow Hydraulically rough flow

Figure 42: lllustration of the velocity profile in hydraulically smooth and rough flows.

5.1.6. Chézy coefficient.

Chézy proposed an empirical formula for the averagjecity of steady uniform channel
flow:

U-cARS (5.34)

Where: R - Hydraulic radius, i.e. area of crosgiea divided by wetted perimeter
S - Bed slope
C - Empirical coefficient called Chézy coefficie@twas originally thought to
be constant. Various formulas fGrhave been proposed.

Here we will see thal can be theoretically determined by averaging thyaridghmic velocity
profile. Recalling that the friction velocity isqeation 5.19) and applying it into equation
5.34, we get the expression©f

Co :’ -J9 (5.35)

*
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Averaging the logarithmic velocity profile gives:
8z
jﬁn(z) dz=- { Edz (5.36)
&o

u (§(60Y) .z} u . (Bh )

Inserting the above equation into equation 5.38gjiv

C=ﬁo"lnE-§ h 1 2.3- ‘/a "IogL§ h 1 (5.38)
N N

&o-©

U=

Go-©

8
~18-Tog "% (5.39)
©3 33—+k,
This can be approximated by:
CH 18409@?2;5 E Hydraulically smooth flow u. ks <5 (5.40)
C+418To Fﬁs l Hydraulically rough flow u*gs 270 (5.41)

where the expression fap has been used ama has been converted tog. Moreover the
inclusion ofg=9.8m/¢ means tha€ has the unitn/s.

Hydraulic roughness is expressed in terms of théz¢HC), Manning-Strickler f), Darcy-
Weisbach (). The relation betwee@ and is:

c2_819 (5.42)
0

Equation 5.39 is often written as a function of theoretical viscous sub layer thickness
(equation 5.33) and the hydraulic radiBs=A/O):

C=187To @%zskE (5.43)

Note that the hydraulic radius does not equal ttef hydraulic diameter, but one fourth,
since the hydraulic diamet&=4-A/O. The hydraulic diameter concept matches pipe flow,
where the hydraulic diameter equals the pipe dianfer around pipe, where the hydraulic
radius concept matches river flow, where for a wiker, the hydraulic radius equals the
depth of the river.
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In these equatiorls; is the equivalent sand roughness according to Nikuradse. For an alluvial
bed the value ok varies strongly with the flow conditions. In rivetise flow regime will
often be hydraulically rougtk{&>>d). According to Strickler the Chézy coefficient is:

§R .1/6

CEE_l (5.44)
&s

Most often used, and linked with Strickler's egoatiis the Manning roughness formula (or

Manning-Strickler roughness formula). The relatidretween Manning's roughness
coefficientn and the Chézy coefficie is (with R in meters):

R1/6

n

C (5.45)

Figure 43 gives an overview of Manning's roughnessfficientn for different types of
channels. Chapter 5.3 will go into detail regardimg Darcy-Weisbach friction coefficient.

5.1.7. Drag coefficient, lift coefficient and friction coefficient.

Drag and lift coefficients

A real fluid moving past a body will exert a dragde on the body, see Figure 44.

# boundary layer thickness

S seperation point

u
]
]
=
-7
|y

Flow pattern

Normal and shear stress
(Form pressure and skin friction)

lift F=3pc,Av?

drag Drag and lift force

Fp= 5 P CpAU

Figure 44: Drag force and lift force.
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Drag force is consisted of friction drag and formag] the former comes from the projection
of skin friction force in the flow direction, andhd latter from the projection of the form
pressure force in the flow direction. The totalgdimwritten as:

Fo=Cp 3 WU A (5.46)
The lift force is written in the same way:
FL=C_-1WUU?A (5.47)
Where:A - Projected area of the body to the plane perperatitalthe flow direction.
Cp, C. - Drag and lift coefficients, depend on the shape surface roughness of the
body and the Reynolds nhumber. They are usually determined by experiments
Friction coefficient
Figure 45 illustrates fluid forces acting on a gragsting on the bed. The drag force:

Fo =Cp 3 WIIU)* A (5.48)

where is included because we do not know the fluid véjopast the grain, but we can
reasonably assume that it is the function of treragye velocity and other parameters.

lift F
average
velocity
B
I :‘:-“\\
- \‘:;--,
T T
o b .\\‘::

)i(\)

Figure 45: Fluid forces acting on a grain resting b the bed.

We can also say that the grain exerts a resistaoe Fp on the flow. IfA’ is the projected
area of the grain to the horizontal plane, thedmtshear stress is:

W=D = {SD e %1% JIUZ=f = % = %O*% U2 (5.49)

Where:f is the Fanning friction4-f= ) coefficient of the bed, which is a dimensionless
parameter. By applying the Chézy coefficient we get
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c?= % (5.50)
4 0.06 : U Ky e
(\%Og{gzoh . E Hydraulically smooth flow Q (5.51)
© ©337Q
A 0.06 u. -k 470
E og{-ﬂzm 1} Hydraulically rough flow Q (5.52)
© ©ks

5.2. The Camp approach.

When the height of the sediment increases anddppér load parameter remains constant,
the horizontal flow velocity above the sedimentoalscreases. Grains that have already
settled will be re-suspended and leave the basiudjn the overflow. This is called scouring.
First the small grains will not settle or erode amden the level increases more, also the
bigger grains will stop settling, resulting in aahar settling efficiency.

The shear force of water on a spherical particle is
AN % 7@% s fsﬁ (5.53)

The shear force of particles at the bottom (medwdniriction) is proportional to the
submerged weight of the sludge layer, per uniteaf surface (seleigure 2

f=PN=P{1-n)-Td -d4,)9-d (5.54)

In equilibrium the hydraulic shear equals the meata shear and the critical scour velocity
can be calculatedlhe scoursg velocity for a specific grain with diameteg according to

Huisman (1995) and Camp (1946) is:

. - \/8»19114)@1@4 -4)-9-d, (5.55)

O,

Grains that are re suspended due to scour, wilstagt in the basin and thus have a settling
efficiency of zero. In this equatioiQis the viscous friction coefficient mobilized dmettop
surface of the sediment and has a value in theerarig0.01-0.03, depending upon the
Reynolds number and the ratio between the hydraalitus and the grain size (surface
roughness). The porosity has a value in the range 0.4-0.5, while the @icttoefficient P
depends on the internal friction of the sedimemt has a value in the range of 0.1-1.0 for
sand grains.
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Figure 46: The equilibrium of forces on a particle.

With -(1-n)=0.05and =0.03this gives:

. = \/4@1@4 - 4d,) 9, (5.56)

3y,

The particle diameter of particles that will nottleedue to scour (and all particles with a
smaller diameter) is:

3 2

d.=— 2P |

T 40T - M) B S (5.57)
Knowing the diameteds, the fractionps that will not settle due to scour can be founthd
PSD of the sand is known. Equation 5.56 is ofteedur designing settling basins for
drinking water. In such basins scour should bedaairesulting in an equation with a safety
margin. For the prediction of the erosion during the final phase of the settling process in
TSHD’s a more accurate prediction of the scour sigtds required.

5.3. The Shields approach.

Let us consider the steady flow over the bed comgad cohesion less grains. The forces
acting on the grain is shown in Figure 47.

The driving force is the flow drag force on theigraassuming that part of the surface of the
particle is hiding behind other particles and amffyaction is subject to drag and lift:

Fo =Cp 1/ (DU.)? vlﬁjsfz (5.58)
The lift force is written in the same way:
F. =C_ 31, DU)? ﬂﬂéjsfz (5.59)
The submerged weight of the particle is:
Fo =t -A4)-9 vjséjg (5.60)
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n-d?
Fl :CI ‘;_-p\\"(a )- B 4
A
il T['dz
Fp=Cp 3Py (@ -u)" - B- 1
>
n-d®
F\\' =(pq 7pw)'g' 6
Figure 47: Forces acting on a grain resting on thbed.

At equilibrium:

Fo =1PTFR, —F.) (5.61)

where the friction velocity- is the flow velocity close to the bed.is a coefficient, used to
modify u- so that .u- forms the characteristic flow velocity past theigral'he stabilizing
force can be modeled as the friction force actingh@ grain. lfu- ¢, critical friction velocity,
denotes the situation where the grain is about d@emthen the drag force is equal to the
friction force, so:

. y 4512 § .. a8d° . ~ 451?
Co 3, TDU. )" TE=, fuﬂté@d ~M) T CL Y TR ),
(5.62)
Which can be re-arranged into:
2
U*
~'C — = ﬂ“i” E’P (5.63)
Rd"g"d 3 (if HEACD%FJ},P’}ENCL
The Shields parameter is now defined as:
UZ
—__hc 5.64
T=r 47 (5.64)
Re-arranging gives a simple equation for the Shipltameter
2
U*
oL 441, 1 (5.65)

"R, 9d 3 Ed Cp+PT,

Author: Dr.ir. S.A. Miedema 64



OE4626 Dredging Processes

SinceCp normally depends on the boundary Reynolds nurReer the Shields . number
will be a function of the boundary Reynolds numBer=u--d/ . Carrying out an equilibrium
of moments around the contact point of a partidté the particle its resting on, results in the
same equation. One can discuss which equationedanstheCp value and theC, value,
since the particles are not free from the surfaxevih the determination of the settling
velocity for individual particles, but for a firapproximation equation 4.9 will be used.

Now the question is, what would such a functionkldi&e. Figure 48 shows the relation
between the Shields parameter and the boundarydREsynumber as is shown in Shields
(1936).
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Figure 48: The original Shields (1936) curve.

It is however interesting to investigate if thig\eeican be determined in a more fundamental
way. Based on the theory in this chapter the falgucan be derived.

Case 1: Hydraulically smooth flow (very low Re

First lets assume a very small particle in a visclaminar boundary layer. The particle is
hiding for (1- ) behind other particles, which also means thaf the surface is subject to
drag, assume is about 0.5, which means the changes in drag aeeabout proportional
with . According to equation 5.32 the velocitfz) in the viscous sub layer attimes the
diameterd height is equal to:

2
u(fEd) = li;gﬂlﬁﬁ (5.66)

Since the velocity develops linear with z, the dfeze exerted on the particle, has to be
found by integration of the velocity squared ovse surface that is subject to the drag, but
since the shape of the particle is not a square,irbegular, an effective velocity of

Author: Dr.ir. S.A. Miedema 65



OE4626 Dredging Processes

%o“\/é =0.577 of the velocity at the top of the particle is chisThis gives for the effective
velocity on the particle:

2 2
Ugy = 2 V3 U(EY) = 143 A e - 1403 TEY A (5.67)
Q Q
With:
Ugy = DU, =1 V3B 4 T (5.68)

Q

So the coefficient is equal to:

A

D=13E \;g:d

= %:\/5 TERe. (5.69)

The Reynolds number for the flow around the pagtis| assuming the hydraulic diameter of
the particle equals 4 times the area that is stibjedrag, divided by the wetted perimeter
equalsd:

~ ~\ 2
Re, = uezﬁ°2 d _ % 3 115‘@;} = %:\/5 D"[IE"R&Z = DRe. (5.70)

The drag coefficient in this Stokes area equalsjr@ady mentioned in chapter 4.:

_24
° " Re, (5.71)
Substituting this in equation 5.65 gives for thée®fs parameter:
2
@E=ﬂ;&k_ﬁi 3 8 [ :%°~\/§°TIERR6*2=£:1L_P (5.72)
3 EldV3TERe 24 18 ® '

Lets assume a mechanical friction coefficient eD.5 and a surface factor=0.5 (meaning
that 50% of the particle is subject to draghis would give a Shields parameter of 0.19.
Soulsby & Whitehouse (1997) assume there is a maxi of 0.3, but as can be concluded
from equation 5.72, there must be a certain barttinddpending on the mechanical friction
coefficient and the fraction of the surface of the particlattis subject to drag. Using
equation 4.9 for the transition region 0p, gives:

qodBf 1 V. 1
3 E "@}:\@oﬁpa 24 N 3 1034 (5.73)
%:\/§ TERE? (% ~3ER e?)]o.s
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Case 2: Hydraulically rough flow (very high Rg

Now lets consider a very course particle in turbtuldow. According to equation 5.26 the
velocity equals to:

U § Z )
uiz)=—-"I————— .
@) N {@9.033»1(51 (.74)
Assuming a roughness about equal to times the particle diametdr gives:
~ U* § 1 " ~
u(Eed)=—"-Tn"—— |=8.53-U. .
(Ed) N (@).033)\ (5-75)

The effective velocity will be smaller, but sindeetparticle is subject to turbulent flow in a
logarithmic velocity field, equation 5.74 should bsed to determine the effective velocity
the part of the particle subject to drag, with eetpo drag. For a logarithmic velocity field
this is 0.764 times the velocity at the top of gaaticle, giving a velocity coefficient=6.5,
resulting in an effective velocity of:

Uy = 65U (5.76)
And a particle Reynolds number of:

Re, = Yer U _ 6.5°M*€ = 65-Re. = DRe. (5.77)

S 9

The drag coefficienCp has a constant value of 0.445 for turbulent flavdascribed in
chapter 4. Substituting this in equation 5.65 gives

_A4p. 1 1 4P
%=3Eos 0aas "% (5.78)

If the mechanical friction coefficient and the area coefficientare chosen equal, this results
in a Shields parameter. of about 0.071 for the very high Reynol®® numbers. In
literature a value of 0.055-0.060 is found, but stgaments show a certain bandwidth. Using
a mechanical friction coefficient of 0.45 and an area factorof 0.55, results in a Shields
parameter . of 0.058, which matches literature. Values smahlen 0.5 for the area factor
are unlikely, because the Shields parameters pisettie beginning of erosion/scour of the
entire sediment and there will always be partigléh a higher area factorup to about 0.75.
Using this maximum area factor with a mechanicattiobn coefficient of 0.45, gives a
Shields parameter; of about 0.0425. Using equation 4.9 for the tramsitegion, gives:

o= 4 @Dfl 12 . 1
"3 El®5E 24 3 5.79
3 E@s 5Re)" (650?&)0_5%%0.34 (5.79)
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Case 3: Transitional flow (medium Rg

In the transitional area, both the linear velogitpfile of the viscous sub layer and the
logarithmic profile play a role in the forces orparticle. The transitional area has no fixed
boundaries, but roughly its froRe-=0.5 to Re-=20. For the transitional area an empirical
equation can be used for the velocity profile, adtg to:

D=A - B CRe’

A =562+ 0.70-E

B = 5.62+ 0.68-TE (5.80)
C =0.063-0.0237-TE

D =1.488-0.1183TE

With:
Re, = DRe. (5.81)

Using equation 4.9 for the transition region &y, and equation 5.63, the Shields curve can
be determined. Figure 49 shows the estimated sdorevalues of of 0.475, 0.525, 0.6, 0.7,
0.8, 0.9 and 1.0, with in the back ground the aagiShields curve, while Figure 50 shows
these with in the background measured values oftfields parameter from Julien (1995)
The estimated curves are calculated with a frictioefficient =0.45and a lift coefficient
CL=0.25 It is very well possible that in reality this dfieient may have a higher value. It is
also possible that this coefficient depends onpihticle diameter or the particle Reynolds
number.
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Figure 49: The estimated Shields curves versus tleeiginal Shields curve.
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Shields Diagram
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Figure 51: The 7 levels of erosion according to DfeHydraulics (1972).

The Delft Hydraulics (1972) defined 7 levels of @om according to:
1. Occasional particle movement at some locations.

2. Frequent particle movement at some locations.

3. Frequent particle movement at many locations.

4. Frequent particle movement at nearly all location
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5. Frequent particle movement at all locations.
6. Permanent particle movement at all locations.
7. General transport (initiation of ripples).

As can be seen from Figure 51, the curves with7tvalues for match closely with the 7
levels according to Delft Hydraulics (1972), althbuthere are differences. Since the factor
is the fraction of a particle that is subject tagirthis seems plausible. In a normal sediment,
there will be a few particles that lay on top of thed and that are subject to drag for 100%.
These particles will be the first to move (erodm)this is level 1. Particles that are embedded
for 50% will be much harder to move and form |evar higher.

5.4. Shields approximation equations.

Many researchers created equations to approxirhat&hields curve. The original Shields
graph however is not convenient to use, becaude &a$ contain the shear velocity and
this is usually an unknown, this makes the graphinaplicit graph. To make the graph
explicit, the graph has to be transformed to amothes system. In literature often the
dimensionless grain diametBr is used. This dimensionless diameter has already bised
in equation 4.34 for the Grace method for detemgjrthe settling velocity, assuming the
water density equals 1. This dimensionless dianasercalled the Bonneville parameter is:

Ry
D.=d3 \%g (5.82)
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Figure 52: The Shields parameter as a function ohe dimensionless diameter.

With the normal values for the water density, tleéative density and the viscosity, the
dimensionless diameter is about 20.000 times thkcfgadiameter, or 20 times the particle
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diameter in mm. Figure 52 & Figure 53 show the Bisi@pproximations of van Rijn (1993),

Brownlie (1981), Zanke (2003), Soulsby & Whitehouse ((1997) completed with a lower limit,

upper limit and average approximation derived fogse lecture notes by the author. It is
interesting to see that the van Rijn and Browndjeagions result in a continuously increasing
Shields parameter with a decreasing dimensionlesaeader, the Zanke approach does this
also, but less steep, while the Soulsby & Whitekoagproach has a limit of 0.3 for very

small particles, matching the model as describethénprevious chapter. Only Soulsby &

Whitehouse take the linear velocity profile in tiscous sub layer, resulting in a constant
Shields parameter at very low Reynolds numbers,aotount.

Shields Diagram
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Figure 53: The Shields parameter as a function oht boundary Reynolds number.

From the definition of the Shields parameter, #dation between the Shields parameter and
the Bonneville parameter can be derived, the Shigidameter is:

o= (5.83)

The grain Reynolds numb&e:, which defines the transition between hydrauliosth and
rough conditions for which grains protrude into flew above the laminar sub laydrat
Re*=11.63as:

ud o JaiRy 9

5.84
0 0 (5.84)

Re.

Using equation 5.82, this gives:
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Re. = /@D (5.85)

So the Bonneville parameter is a function of theelels number and the boundary Reynolds
number according to:

2/3

D. - Re | (5.86)
oer

Another parameter that is often used for the hotelcaxis is the so calle@rant and Madsen

(1976) parameter or sediment fluid parameterFsgare 54

IR.0-d -t 15
S - dgddZD _ Re. (5.87)

47Q 4 arfer

The factor of 4 appears in the definition 8f to render the numerical values &f
comparable with th&®e- values in the traditional Shields diagram. Thislame merely for
convenience and has no physical significance.
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Figure 54: Modified Shields diagram, Madsen & Grant(1976).

Which differs a factor 4 from the particle ReynotdsnberRe,:

Re, = VRa9dd 15 _ Re (5.88)
Q Jar

This particle Reynolds number can be derived from equations 4.5 and 4.6, omitting the
constants and assuming turbulent settling withrestamt drag coefficier@p.

Author: Dr.ir. S.A. Miedema 72



OE4626 Dredging Processes
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Figure 55: Modified Shields diagram using Rg(equation 5.88).

Figure 56 shows the relation between the boundagyain Reynolds number, the Bonneville
parameter (dimensionless grain diameter) and that@® Madsen parameter.
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The different approximation equations are summarized below.
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5.5. The Hjulstrom approach.

TheHjulstram curve is a graph used by hydrologists to determine wdradtriver will erode,
transport or deposit sediment. The graph takesnmmedi size and channel velocity into
account. The x-axis shows the size of the particlaam. The y-axis shows the velocity of
the river in cm/s. The tree lines on the diagrammskivhen different sized particles will be
deposited, transported or eroded. The Curve udesilale logarithmic scale.

The curve shows several key ideas about the rakitips between erosion, transportation
and deposition. The Hjulstram Curve shows thatiglagt of a size around 1mm require the
least energy to erode, as they are sands thattdmagulate. Particles smaller than these fine
sands are often clays which require a higher vigldoi produce the energy required to split

the small clay particles which have coagulatedgeaparticles such as pebbles are eroded at
higher velocities and very large objects such asldsws require the highest velocities to
erode. When the velocity drops below this veloalled theline of critical velocity
particles will be deposited or transported, instead of being eroded, depending on the river's
energy.

Threshold of Motion

Grains forming the boundary between a fluid ancediment possess a finite weight and
finite coefficient of friction. When the applied edr stress is low they are not brought into
motion. As applied shear stress is increased tigalrshear stress is reached at which grains
will begin to move. The value of the critical ssewill depend primarily on the size and
density of the particles and secondarily on theapge and packing and the cohesive forces
acting between particles.
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One the critical stress is just exceeded, partigidsadvance in the direction of flow due to
irregular jumps or less commonly rolls. This modédransport is termed the bed load and
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conceptually can be thought of as being deterniinitat is the behavior of a particle once
in motion is dominated by the gravity force. As 8teess is further increased, particles will
also begin to be suspended in solution and sutgdctbulent forces. This mode of transport
is termed the suspended load. Due to these two snofleransport there will be a flux of
material across a plane perpendicular to the flour. ultimate goal is to determine this mass
flux by integrating the product of the velocity file and concentration profile.

The Critical Stress

The motion of sediment can be parameterized innabeun of ways. The oldest of these is due
to Hjulstrom who summarized observational dataemss of fluid velocity and grain size.

There are a number of variants of the Hjulstromgiien, using grain diameter as one

parameter and some measure of the stress as @ve(\ththe quadratic stress law: ygolor
stress itself: Y.
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In several of these figures there is a envelopeabies for small particles, contrasting
unconsolidated and consolidated/cohesive sediniéns reflects the importance of inter
particle forces because of the higher ratio ofemefarea to volume.

Sundborg (1956) - added more detail, and dealt @atisolidation in fine-grained end.
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5.6. Friction coefficient and pressure losses withdmogeneous water flow.

When clear water flows through the pipeline, the pressure loss can be determined with the
well known Darcy-Weisbach equation:

Ap,, = 90% LY, VP (5.96)

The value of the friction factéOdepends on the Reynolds number:

_vD
Q

Re (5.97)

For laminar flow Re<232( the value ofCcan be determined according to Poiseuille:

64

o (5.98)

For turbulent flow Re>232( the value ofCdepends not only on the Reynolds number but
also on the relative roughness of the pile. A general implicit equation fdOis the
Colebrook-White equation:

O 1
2
§ 251 0277 (5.99)
@qog{@ieﬁo%% D g}l

For very smooth pipes the value of the relative roughs#f€sgs almost zero, resulting in the
Prandl & von Karman equation:

© 5 1 2 (5.100)
§ 251 )} .
{é “°9{@?e~ﬁon

This can be approximated by:

0.309

0=—
)

At very high Reynolds numbers the value2051/(Re2Q is almost zero, resulting in the
Nikuradse equation:
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1

0= 3\ 2
=

Because equations 21 and 22 are implicit, for smooth pipes approximation equations can be
used. For a Reynolds number between 2320 anidthE0 Blasius equation gives a good

(5.102)

approximation:

0.25
0= 0.3164»(§il
dre

For a Reynolds number in the range of 10 1¢ the Nikuradse equation gives a good

approximation:

(5.103)

§ 1 0.237
0= 0.0032+ 0.221T— (5.104)
@dre
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Figure 60: TheMoody diagram determined with the Swenee Jain equation.

Over the whole range of Reynolds numbers above 232®wamee Jain equation gives a

good approximation:
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Figure 61: The original Moody diagram.
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5.7. Determination of scour related to the TSHD.

After discussing the erosion phenomena extensiuelyhe previous chapters, it is the
guestion how to apply this in the model for detering the loading process of a TSHD. The
first step is to find which particles will not detdue to scour at which average velocity above
the sediment in the hopper. The relation betweensiear velocityu- and the average
velocity above the bed d:

uf = %QU 2 (5.106)

Substituting this in equation 5.64 for the Shigddsameter gives:

Ll (5.107)

Re-arranging this gives an equation for the clitiogerage velocity above the bed;, that
will erode a grain with a diametdg:

1 1 1
Ug = \/8 i R,\j 9° 4 (5.108)

Equation 5.108 is almost identical to equation faS%lerived according to the simple Camp
(1946) and Huisman (1995) approach. In the sameasaquation 5.57 this can be written as:

2 2
do= —4 - M Ug (5.109)
Rey'gd 8 Ry ¢ &R

With a value of =0.03and =0.05equation 5.109 would be equal to equation 5.57.

Since the final phase of the hopper loading prodgesdominated by scour, the above
assumption is to simple. Figure 52 shows that ttengsizes we are interested in, from
0.05mm up to 0.5mm, give Shields valugs of 0.2 to 0.03 if we use the original Shields
curve or one of the approximation curves. The ibittcoefficient , may vary from about
0.01 for fine grains and a smooth bed to 0.03 ghdwi for a hydraulic rough bed. Figure 59
shows how the value ofvaries as a function of the grain diameter. In the grain size range of
interest this varies from about 0.01 to 0.02. This results margge for the ratio between the
Shields parameter and the friction coefficient gf of 0.2/0.01 to 0.03/0.02, giving a range

of 20 to 1.5. Equation 5.55 gives a ratio of 1.66ck is in the range and matches with grains
of about 0.5 mm, giving an upper limit to the sceeilocity.
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