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Summary

Most estuarine, and some coastal, areas are characterised by large amounts of fine-grained
cohesive and non-cohesive sediments. At sufficiently high concentrations, sediment
transport in suspension may significantly influence the hydrodynamics. In sediment-laden

flow with concentrations of approximately ¢ >0.5¢/l, stratification may occur due to a

vertical gradient of sediment concentration. In a stratified flow, turbulence is damped due to
buoyancy destruction. According to many reports in literature buoyancy destruction results
in a decrease of effective hydraulic roughness. Furthermore, the sediment induced
stratification causes an appreciable modification of the vertical profiles of velocity, vertical
eddy viscosity and shear stresses (e.g. Winterwerp [2001]). Considering the propagation of a
tidal wave in estuaries, the decrease of roughness results in an increase of the depth-

averaged velocity and an increase of tidal amplitudes of the water level.

When modelling flow behaviour in estuarine and coastal environments, vertical gradients of
horizontal velocity and sediment and salt concentration in stratified systems can only be
simulated with three dimensional numerical modelling. However a full three dimensional
model is not always practical. The wide shallow domains that occur in civil engineering
practice make depth-averaged simulation often necessary in view of the computational
demands. However no theoretically accepted, justifiable parameterisation for effective
hydraulic roughness in turbulent sediment-laden flow exists to date. Therefore the effect of
suspended sediment on tidal propagation in estuaries is not accounted for in 2Dh modelling.
This makes 2Dh modelling intrinsically less accurate than 3D. In case the flow contains an
appreciable amount of suspended sediment it is difficult to reliably predict flow behaviour
in estuaries through 2Dh modelling. In depth-averaged equations solved in 2Dh models, the
bottom shear stress is explicitly prescribed using a friction coefficient. The reduction of
hydraulic roughness due to stratification can in this case effectively be accounted for by

alteration of the friction coefficient.

By applying theories commonly used for stratified flow in the earth’s atmosphere and taking

into account the free surface effects, the following depth-averaged friction law was derived:

K Z,

Summary



Hydraulic roughness in sediment-laden flow

+(0.76h"**)(Ri.B) for  h<10m

£l
Il
A=
=1
——
N|=
%,_/
AN

u_t |n{ﬁ}_1 +(0.76h**)(Ri.B)”  for  h>10m
U x| %] |

With:

u_ G, G

U g g

Ch4 C, C

This friction law is validated by numerical experiments with the 1DV POINT MODEL.
These numerical experiments show that the buoyancy effect is small compared to the

integral effect of sediment in nature that is reported in literature.

To further evaluate the depth-averaged roughness parameterisation it is applied to a
numerical model of the Yangtze Estuary (China). Calibration shows that the bottom of the
Yangtze Estuary is very smooth even without the buoyancy effect, and that the buoyancy
effect decreases the effective roughness further. For the Yangtze Estuary the buoyancy

effect is properly simulated by the depth-averaged roughness parameterisation. Through the

parameterisation the effective Chézy coefficient is increased from C,, =110 m“/s for

clear water to C,,,, =125 mm/s for flow conditions commonly found in the Yangtze

Estuary. Thereby the sediment-induced error in 2Dh modelling is reduced by approximately
75%. From this it is concluded that 2Dh modelling becomes more accurate through

application of the roughness parameterisation.

Several other issues can be done that might increase the reliability of 2Dh models even
more. For example it is recommended to implement the roughness parameterisation in the
numerical code of DELFT3D-FLOW, so that the effective hydraulic roughness is

continuously updated with feedback to hydrodynamics and sediment transport.

Summary TU Delft
WL | Delft Hydraulics
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| Introduction

l.l1 Background

Most estuarine, and some coastal, areas are characterised by large amounts of fine-grained
cohesive and non-cohesive sediments. The presence of these sediments is of great
importance. It may be valuable, e.g. to ecosystems, to the economy (beaches attract tourism)
or to safety. However the presence of sediment is not always desirable, e.g. it may be a
nuisance to coastal management and port authorities. Sedimentation in harbour basins and
fairways may obstruct shipping. In that case sediment must be removed, for instance by
dredging. The prediction of sediment transport based on an understanding of its processes

can be of great importance.

Sediment transport depends on fluid dynamics. However fluid dynamics is also strongly
influenced by the presence of suspended sediment. In shallow water flows, laden with large

amounts of sediment (approximately concentrations ¢ > 0.5g/l), stratification may occur

due to a vertical gradient of sediment concentration. In a stratified flow, buoyancy
destruction damps turbulence (section 2.3.2). According to literature buoyancy destruction
may be the explanation for apparent drag reduction in sediment laden flow. This apparent
drag reduction may result in an increase of the depth-averaged velocity and an increase of
tidal amplitudes of the water level in estuaries. This has been verified by field studies. For
example in the Amazon it has been shown that the presence of suspended sediment allows
larger tidal amplitudes of the water level (Vinzon and Metha [2001], Gabioux et al. [2004]).
Furthermore, the sediment-induced stratification may cause an appreciable modification of
the vertical profiles of velocity, vertical eddy viscosity and shear stresses (e.g. Winterwerp
[2001]). Prediction of water levels and current velocities to the right order of magnitude is

of great importance to coast and river engineers.

Nowadays numerical models are widely used for engineering and scientific purposes. The
interaction between sediment and the turbulent water movement is an important aspect in
such models. The present study is dedicated to the interaction between sediment and

hydraulic roughness, with the intention to improve predictability of depth-averaged
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numerical models. More accurate predictions can lead to a better understanding, which can

finally lead to social and economical benefits in coastal regions.

1.2 Problem description

A literature study conducted within this research revealed that one effect of suspended
sediment on the flow behaviour can be interpreted as a stratification effect. The sediment-
induced stratification damps turbulence due to buoyancy destruction. Many researchers
claim that this buoyancy effect is quite significant. Studies reported on an effective
reduction of the Von Karman coefficient by 50% (Vanoni [1977]), a decrease of bottom
shear stress by 45% (Adams and Weatherly [1981]) and a decrease of turbulent kinetic
energy level of 40% (Adams and Weatherly [1981]). Winterwerp [2001] showed that three
dimensional numerical models are able to account for the stratification effects induced by

the interaction between suspended sediment and the turbulent water movement.

Vertical gradients of horizontal velocity and sediment and salt concentration in a stratified
system can only be modelled with three dimensional numerical modelling. However, a full
three dimensional model is not always practical. The wide shallow domains that occur in
civil engineering practice make depth-averaged simulation often necessary in view of the
computational demands. When integrated over depth, the model cannot compute the
stratification effects and therefore sediment transport and flow behaviour will not be

simulated properly.

For flows over rough boundaries, turbulent shear dominates the resistance of the flow.
Suspended sediment suppresses the development of turbulence, so that the resistance is
reduced. The suspended sediment effect has often been reported as an apparent smoothing
of the bed. Literature on numerical studies of a flow area with high concentrations of

suspended sediment often report on extreme values for the roughness coefficients, e.g.

effective Chézy coefficients of around 120 m*2/s (PDC [1999], Van Ormondt [2004]). In
depth-averaged equations solved in so called 2Dh models, the bottom shear stress is
explicitly prescribed using a friction coefficient. In these 2Dh models the apparent
smoothing effect due to stratification can be simulated by adjusting the friction coefficient.
However, currently no reliable parameterisation for hydraulic roughness in sediment-laden
flow can be found in literature, of which the author is aware, so that the suspended sediment

effect is not properly included in present 2Dh models.

TU Delft
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Problem definition

Currently no theoretically accepted, justifiable parameterisation for effective hydraulic
roughness of turbulent sediment-laden flow exists. Therefore the effect of suspended
sediment on tidal propagation in estuaries cannot be accounted for in 2Dh modelling. This
makes it difficult to reliably predict flow behaviour in estuaries through 2Dh modelling, in

case the flow contains an appreciable amount of suspended sediment.

1.3 Objectives

The aim of the project is to define a parameterisation for the effect of suspended sediment
on the effective hydraulic roughness in turbulent sediment-laden flow. This parameterisation
can be used to efficiently model the flow behaviour in estuaries, using depth-averaged

models. Together with the problem definition this leads to the following research question:

How can the effect of suspended sediment on effective hydraulic roughness in sediment-
laden flow be parameterised so that it can be properly simulated with a depth-averaged

numerical model?

This research question is analyzed through assessment of the following hypotheses:
- The damping of turbulence due to sediment induced stratification will result in a
significant decrease of the effective hydraulic roughness.
- An effective way to account for the suspended sediment effect in 2Dh models is to
correct the effective hydraulic roughness: 2Dh model results will become more

accurate.

The set-up of this research study is as follows:
1. Literature Study (Chapter 2)
This literature study gives insights into the existing theories on sediment-laden flow.
2. Theory on hydraulic roughness in sediment-laden flow (Chapter 3)
From the literature study a theory on hydraulic roughness in sediment-laden flow is
derived. A depth-averaged roughness parameterisation is set up.
3. 1DV POINT MODEL (Chapter 3)
By use of the 1DV point model the parameterisation is validated.
4. Yangtze Estuary Model (Chapter 4 and 5)
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In order to see whether a depth-averaged model indeed becomes model accurate, the
parameterisation will be applied to a practical case, i.e. the Yangtze Estuary.
Chapter 4 presents the calibration of both the three dimensional model and the
depth-averaged model. After calibration, the parameterisation is applied. The results
are presented in Chapter 5. These results are compared with the results of the

calibration runs.

Furthermore chapter 6 presents a discussion in which the hypotheses will be analysed. In the

seventh and last chapter, the conclusions of this research are formulated as well as

recommendations for further research on this topic.

TU Delft
WL | Delft Hydraulics
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2 The suspended sediment effect: A

literature review

2.1 Introduction

There are numerous publications on the effect of suspended sediment on flow behaviour and
numerous theories for sediment-laden flow have been developed. However, many questions
have not yet been resolved, e.g. whether the effect of sediment on flow behaviour is limited
to a certain region in the water column. This chapter presents a short overview of different

approaches for modelling the suspended sediment effect.

In section 2.2 and 2.3 first the relevant traditional theory is discussed. Before we treat the
modified theories for sediment-laden flow, the scope within which this research is assumed
applicable is stated, in section 2.4. Considering these assumptions, several modifications on
the clear-water theory have been proposed. Different approaches for modifications that are
referred to more often will be discussed in section 2.5 to 2.8. Section 2.9 deals with
literature focussing on hydraulic roughness. Finally in section 2.10 there is a brief
discussion on the findings concerning the suspended sediment effect and on how to model
the effect on hydraulic roughness. Here it is determined what approach will be used for the

rest of the research project.

2.2 Hydrodynamics and hydraulic roughness in clear water

The purpose of this section is to cover the aspects of the basic theory on clear water flow
that are effected by suspended sediment, e.g. bed roughness, friction coefficient, shear
stresses, turbulence and velocity distribution. The traditional theory which is discussed in
this section is valid for clear water flow. The equations that are presented are often referred

to in literature on sediment-laden flows.
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2.2.1 Laminar and turbulent flow

A flow can be characterized as either laminar or turbulent. Whether one deals with a laminar

or turbulent flow depends on the Reynolds number:

Re = U—I (2-1)
1%

where U is a characteristic velocity of the flow, | a characteristic length scale and v is the
kinematic viscosity. For small Reynolds numbers ( Re <1000) viscosity dominates and the
flow will be laminar. In civil engineering applications large dimensions give rise to
turbulence (Re > 4000). Open channel flows are almost always turbulent. In this research

the flow is assumed to be turbulent.

Turbulent motion is an irregular or random motion. Therefore one needs a statistical
approach to describe turbulent flow. In turbulent flow, exchange of momentum is caused by
irregularly moving (fluid) parcels. The parcels move both horizontally and vertically. The

instantaneous velocity components in the horizontal and vertical direction can be defined as:

U=u+u'
(2-2)
W=w+w

where U and W are the instantaneous velocities in horizontal and vertical direction, u and
w are the horizontal and vertical velocity averaged over the turbulent time scale and u’and

w' are the fluctuating components of the velocity.

Turbulent open channel flows consist of several regions, which are classified as follows.
Near the bottom there is the thin viscous sub-layer where there is almost no turbulence.
Measurements have shown that the viscous shear stress in this layer is constant and equal to
the bottom shear stress. The flow in this layer is laminar. Above this layer, there is a
transition layer. In the transition layer viscosity and turbulence are equally important. Above
the transition layer, the flow becomes predominantly turbulent. In the turbulent layer
viscous shear stress is negligible. The Prandtl's mixing length theory was developed for this

layer and leads to the logarithmic velocity profile, which will be discussed later on. Higher
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up in the water column, outside the logarithmic layer one finds the turbulent outer layer or
wake region.

1

T
08|t b Turbulent outer layer SRE
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Turbulent logarithmic layer ] 2
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o4

03

02

u [mis]

Figure 2.1: Structure of the water column

2.2.2 Constitutive relations in a turbulent flow

The average shear stress in the flow is assumed to be proportional to the velocity gradient.
This proportionality is dependent on the viscosity. In laminar flow this results in the

following expression:

T= Vd_u (2-3)
p dz

with v = n (2-4)
P

where 7 is the shear stress, 77 is the molecular viscosity, p is the density of the fluid and

du/dzis the velocity gradient in vertical (z) direction. For turbulent flow this relation

changes to:
T=pv, d_u (2-5)
dz
2—3
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with v, I (2-6)
P

where 7, is the turbulent viscosity and Vv, is the eddy viscosity. The kinematic viscosity v

is a characteristic of the fluid, while the turbulent eddy viscosity v, is a characteristic of the

turbulent flow.

The eddy viscosity can be modelled as the product of a velocity (u,) and a length scale

(L,), which can be interpreted as the magnitude of the turbulent eddies.

v, =u,l, 27)

Following Prandtl’s mixing length hypothesis, the velocity that characterizes the turbulence

fluctuations is proportional to the velocity difference in the mean flow over a distance L,

and can be expressed as follows:
du
u, =  — 2-8
kg (2:8)

Substituting (2-7) and (2-8) into (2-5), gives an expression for the shear stress, i.e.:

du

du
r=—pL’— 4z (2-9)

dz
%,_J

Vit

u, depends on the shear in the flow and is, based on dimensional arguments, proportional to

the shear velocity, i.e.:

du
u, = Ltazﬂlrb/p (2-10)

The characteristic length scale is assumed to be proportional to the distance from the wall

accordingto L, =z, inwhich x is the Von Karman coefficient, which for clear water has

2__4 TU Delft
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a value of 0.41. Thus the following equations for the turbulent boundary layer can be

derived:

V, =kU,Z (2-11)
du

T = pkU.Z— (2-12)
dz

where z is the height above the bed.

2.2.3 Velocity profile in a turbulent flow

Close to the wall the local shear stress can be assumed to be equal to the bottom shear stress

T = 7,. Equation (2-12) can be rewritten into:

du ul

—_— = (2-13)
dz «z

Integration of equation (2-13) gives the well known logarithmic velocity profile:

u 1, z

—==In— (2-14)
U K Z

where z, is the integration constant, also referred to as the roughness height.

Integrating (2-14) over depth (h) gives the depth-averaged velocity for clear water flow:

u_ F |n(£j _1} (2-15)
u, |k \z,

In the case of hydraulically smooth flow there is a viscous sub-layer. The viscous shear

stress is constant in the viscous sublayer and equal to the bottom shear stress:
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. : du : : .
After integrating 7, = pvd— , the viscous velocity profile becomes:
z

2
u(z):Tb/pz:u—*z (2-16)
14 14

2.2.4 Smooth and rough wall conditions

Turbulent flows can be divided into flows with hydraulically smooth and hydraulically

rough wall conditions. Whether one deals with a relatively smooth or rough condition

depends on the relative roughness &, /k , where kK is the dimension of the wall roughness

elements and &, is the thickness of the laminar sub-layer. In case k << the wall is

hydraulically smooth and the roughness elements are within the laminar sub-layer close to
the wall and do not penetrate into the turbulent flow region. In case these roughness
elements are large enough to penetrate into the turbulent mean flow region, the wall is

hydraulically rough.

Hydraulically smooth wall conditions

For hydraulically smooth wall conditions z, is proportional to the thickness of the viscous,
laminar, sub-layer (6,). The thickness of the laminar sub-layer 6, is proportional to v/u,, :

This yields z/z, proportional to z/5, or u.z/v. Nikuradse’s measurements under

hydraulically smooth wall conditions showed that:
Z,=— (2-17)

Hydraulically rough wall conditions

Based on dimensional arguments, z, for hydraulically rough conditions is proportional to
Nikuradse’s roughness parameter Kk . From this it follows that z/z0 is proportional to

z/k, . Nikuradse showed through measurements that:

ZO = — (2_18)
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2.2.5 Friction coefficient from logarithmic velocity profile

Because the bed shear stress can be written as the product of the flows momentum and a

friction coefficient it is common to write:
2 —2
7, = pU, =C; pu (2-19)

where C; is the dimensionless friction coefficient.

From this it can be derived that:

u
—=— (2-20)
u,

3

Substituting equation (2-20) into equation (2-15) one finds the following expression for the

friction coefficient ¢, :

i: 1In ﬁ -1 (2-21)
Joo Lx (%

For open channel flows the wall conditions are in most cases hydraulically rough. If the
expression for hydraulically rough conditions (2-18) is substituted into equation (2-21) the

following relation results:

1 1, (30h
—=|—In| —|-1 (2-22)
lc, |« K,

In equation (2-22) the friction coefficient ¢, only depends on the relative roughness h/kS .

TU Delft 27
WL | Delft Hydraulics



Hydraulic roughness in sediment-laden flow

2.2.6 Empirical roughness formulas

In the next section two famous empirical roughness formulas will be discussed: the Chézy
and Manning formulas. It will be shown how they are related to each other. In this research
project, titled *“Hydraulic roughness in sediment-laden flow’, one of the aspects that is to be
investigated is how the roughness coefficient changes due to the presence of a sediment load
in the flow. Several researchers have already reported significant changes of the Manning
and Chézy coefficients (PDC [1999], Wang et. al. [1998], Winterwerp [1999]). Furthermore,
both parameters are often used as input parameters in numerical models, e.g. in the
numerical model DELFT3D. It has been shown that these models can be very sensitive to
changes of the Chézy of Manning coefficient (Wang [1994]). In the next section the

formulas for clear water flow will be derived.

Chézy

—2
In a turbulent rough flow z is proportional to u , which can be expressed as:

—2
T, =a.u (2-23)

T

where «_ is a proportionality constant. For a uniform flow the following relation can be

defined (Battjes, lecture notes [2002]) :
7, = PORI, (2-24)

where g is the acceleration due to gravity and R is the hydraulic radius, which is the wet
cross section of a channel divided by the wet surface or perimeter (A/P)and i, is the slope

of the channel, which for uniform steady flows is equal to the slope of the free surface, i, .

Substituting (2-23) into equation (2.24) gives:

u=_|E=2Ri, (2-25)

Grouping the constants results in the Chézy equation:
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u=C4Ri, (2-26)

where C is the Chézy coefficient.

Substituting equation (2-16) into equation (2-24) gives the following relation for the depth-

averaged velocity:

- 1 -

u :Tﬂ/gRlb (2-27)
Cf

So that:

(2-28)

From equation (2-28) one can easily recognise the dimension of the Chézy coefficient. The

dimension of C is L]/Z/T , which is the dimension of\/g.

With the above relations, equation (2.20) can be rewritten to:

u C
u_+< (2-29)
u*

7o

From equation (2-22) another expression for the Chézy coefficient can be derived, i.e.:

C =5.57g log [125} =18log [lE—Rj (2-30)

Manning
The second formulation, which is often used to express the hydraulic roughness is the

formulation of Manning. Manning’s semi-empirical relation is the following:

TU Delft 2_9
WL | Delft Hydraulics



Hydraulic roughness in sediment-laden flow

u =£R2/3\/E (2-31)
n

in which n is often referred to as Manning’s n. The dimension of n is L’]/S/T. The

formula only holds for hydraulically rough conditions. Manning’s n depends on
gravitational acceleration as well as on the roughness of the bottom. However n is

independent of the viscosity.

The relation between Manning and Chézy coefficient is the following:

RY®
T n

C (2-32)

2.3 Turbulent mixing in stratified flows

2.3.1 General

In a turbulent flow, turbulence affects the vertical velocity distribution and shear stresses, as
well as vertical profiles of density, salinity, suspended sediment, temperature, etc. In a
stratified flow, the vertical density distribution not only affects the flow behaviour, but also
the intensity and structure of the turbulent movements. This results in a mutual effect on

velocity and density profiles caused by both the density differences as well as by turbulence.

As was shown in section 2.2.2., according to Prandtl’s mixing length hypothesis the

(turbulent) shear stress can be expressed by:

du

du
g dz

dz
%,_J

Vit

This equation represents the vertical transport of horizontal momentum, with v, the

turbulent viscosity. A parabolic viscosity profile, which leads to the logarithmic velocity

profile, is written as:
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v, =xu,hz,(1-2,) (2-33)

Where z, =z/h. Assuming that the presence of suspended matter does not influence the

turbulence in the flow, then the turbulent transport of matter (e.g. suspended sediment) can

be analysed in the same way as transport of momentum, i.e.:

dc

dujdc
dz

dz

C, =-1L2 (2-34)

z S

e

where C, is the turbulent transport and T is the turbulent (eddy) diffusity of suspended

matter (e.g. suspended sediment).

However, inreality, vertical density differences do affect turbulence. A vertical density
gradient, with density decreasing from bottom to surface, has a stabilising effect on

turbulent movements. The stability can be expressed by the gradient Richardson number:

0
g%
Ri=— 2 (2-35)

P u 2
0z
In stratified flow, for the vertical transport of fluid or suspended matter work must be done.
As a result the vertical velocity components and the mixing length, depend on the level of
stratification, thus on the gradient Richardson number. To account for the stratification effect

it is hypothesised (Kranenburg [1998]) that the turbulent transport and shear stress depend

on the gradient Richardson number, according to:

C, =—L§%%F(Ri) (2-36)
I g—sg—jG(Ri) (2-37)
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where F(Ri)and G(Ri) are damping functions depending on the gradient Richardson

number. Some alternatives of this hypothesis can be found in the discussion on the

suspended sediment effect (section 2.5 to 2.8).

2.3.2 The buoyancy effect

The buoyancy effect follows directly from the theory on turbulent mixing in stratified flows.
The flow in an open channel, which is subject to our research, is almost always a turbulent
flow. Where there is a velocity gradient in an open channel flow, turbulence is produced. A
turbulent fluctuation will induce a turbulent shear stress. Near the bottom of a channel there
is a strong gradient, which results in a large production of turbulence. Sediment in the flow
is held in suspension by turbulent fluctuations. Suspended sediment may induce a density
gradient. A density gradient over the water column has a stabilizing effect on the turbulent
fluctuations. Damping of the turbulent movements reduces the turbulent mixing of
sediment, which in turn results in a stronger density gradient. This positive feedback
between the suspended sediment and the turbulence field may cause a catastrophic collapse
of the vertical turbulence structure. The stabilization of turbulent movements due to
suspended sediment is known as the buoyancy effect. In a two-dimensional channel flow
with sediment in suspension, the downward flux of sediment due to settling must be
balanced by an upward flux due to turbulence lifting. So to keep the sediment in suspension,
or buoyant, work must be done. A change in turbulence intensity due to a fluid density
gradient in the water column caused by suspended sediment causes the velocity profile to be

different from the clear water case.

2.4 Suspended sediment theory: Introduction

In the previous sections the basic theory for clear water was discussed. To account for the
effect of the presence of suspended sediment in the flow, many researchers thought of a
modification of the clear water theory. This resulted in many suspended sediment theories.
To validate these theories numerical model were set up. Analytical model results were
compared with numerical model results or experimental data. Furthermore to analyse
numerical models, results were compared with observation data. In the section 2.5 to 2.8
suspended sediment theories and different approaches for analysing these theories will be

discussed. First, in section 2.4.1 the research field is marked out by initial assumptions.

2—12
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24.1 Scope of the theory: Assumptions

Non-cohesive versus cohesive suspended sediment

One of the characteristics of sediment-laden flow is the type of the suspended sediment. One
can make a distinction between cohesive and non-cohesive suspended sediment. Winterwerp
[2001] discusses the difference between cohesive and non-cohesive sediments in their
interactions with turbulent flow. Consider a steady state flow at its carrying capacity with
non-cohesive sediment in suspension. When the flow velocity decreases, or the amount of
suspended sediment increases, the carrying capacity will be exceeded, which results in
deposition of part of the sediment load. Upon deposition the non-cohesive sediments form a
rigid bed at which turbulent production is possible. This is different for a sediment-laden
flow close to its sediment-carrying capacity with a cohesive sediment load. When the flow
velocity decreases cohesive sediments form a fluid mud layer. Over this mud-layer there is
little turbulence production and hence turbulent mixing is strongly damped. This can result
in a total collapse of the vertical turbulence field. For non-cohesive sediment the buoyancy
effect yields appreciable stratification effects at already moderate sediment concentrations,
while for cohesive sediment the same amount of sediment can result in a complete collapse
of the turbulence flow field. This research focuses on the concentration regime below
capacity concentration. In this regime, the sub-saturated high-concentration regime, the
suspended sediment effect becomes important, affecting the vertical concentration and
velocity profiles. Here it is assumed that in this sub-saturated regime the suspended
sediment effect is similar for both cohesive and non-cohesive sediment, so the type of
suspended sediment is irrelevant for the parameterisation of the suspended sediment effect.
The different concentration regimes as they are defined by Winterwerp [2001, 2006] will be

further discussed in the next section.

Low, medium and very high concentrations

As was already anticipated in the previous section sediment-laden flow can be characterised
by its concentration level of the suspended sediment. According to Winterwerp [2006] three
concentration regimes can be distinguished. He introduced a stability diagram which
distinguishes between (low and high) sub-saturated flow, super-saturated flow, and hyper-
concentrated sub-saturated flow. At low concentrations the flow is sub-saturated, the water
column is able to carry more sediment and bed erosion can occur. Due to the presence of

sediment in the flow, turbulent fluctuations are damped. When concentration increases, the
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concentration level may reach a certain point at which the turbulent fluctuations are damped
completely, which results in a collapse of turbulence and of the concentration profile; sub-
saturated becomes super-saturated. When the concentration increases even further, hindered
settling becomes important, which reduces the energy required to keep the sediment in
suspension. Due to hindered settling effects the fluid can carry more sediment: super-
saturated flow becomes hyper-concentrated sub-saturated flow. This research focuses on the

high-concentrated, sub-saturated regime, up to ca. 15 g/l.

The transition between the different regimes can be quantified by the flux Richardson
number (Ri, ) related to the sediment concentration.

gw'p’

Rij =———F
pU'W'ou/ oz

(2-38)

where u' and w' denote the fluctuating parts of the horizontal and vertical velocity
components respectively, p is the density of the water-sediment mixture and p' is the
fluctuating component of the density and g is the gravitational acceleration. In general a
prime denotes a fluctuating part and an over bar denotes averaged over the turbulent

timescale. Ri, is defined as the ratio of the buoyancy destruction and production term.
Figure 2.2 shows Ri, as a function of volumetric concentration (in figure 2.2 expressed as
c,). First Ri, increases with increasing c,, however when the sediment concentration

increases further, Ri, decreases again. In figure 2.2 one can recognise the different flow

conditions (e.g. sub- and super-saturated).

—a—— super-saturated flow

—=— sub-salurated Bove hyperconcentrated
f \ sub-saturated fiow

0 0.2 04 0.6 08 1

Cy

Figure 2.2: Relation between the flux Richardson number and the volumetric sediment

concentration (Winterwerp [2001])

2— 14

TU Delft

WL | Delft Hydraulics



Hydraulic roughness in sediment-laden flow

TU Delft
WL | Delft Hydraulics

Two-phase versus single-phase approach

One of the contradicting view points that was found in literature is that the sediment-water
mixture can either be treated as a single phase fluid or a two phase fluid. In this research it is
assumed that the sediment-laden fluid can be treated as single phase. This means that the

sediment particles follow the (turbulent) water movement exactly. It is argued that this

assumption is justified if w, << Ww'g,,s, where W, is the settling velocity of sediment and
W'hys IS a measure for the (RMS value of the) turbulent velocity fluctuations
(Uittenbogaard [1994], Winterwerp [2001]). Because W, is in the order of 0.1-1 mm/s and

W'ays = U., With U, in the order of 1 cm/s, according to Uittenbogaard the assumption

generally holds for fine-grained sediment with a particle diameter up to ca. 200 um.
Winterwerp [2001] simulated laboratory experiments by Coleman [1981] with the 1DV
Point Model. The 1DV model also assumed a singe phase fluid. The 1DV results were in
good agreement with the results of Coleman’s laboratory experiments. The results of the
numerical experiments support the assumption of a single phase fluid for sediment-laden
flow with fine-grained sediment suspensions. In Appendix B the 1DV point model is
explained in more detail. In contrast Kovacs [1998] and Muste et al. [2005] for example
support a two-phase flow perspective. However, in the experiments of Muste et al. [2005]
sediment particles with diameters of 0.21 mm to 0.25 mm were used. This is outside the
range for which the single phase assumption is valid. This study focuses on suspensions of

fine sediment for which the single-phase description is valid.

2.5 Modification of the velocity profile: Von Karman

Different researchers have different ideas about how to account for the effect of sediment on
the flow profile. Many proposed to change the Von Karman coefficient. Furthermore
different ideas exist on the region of the water column that is affected by suspended
sediment. Some researchers focussed on changing the profile of the lower, logarithmic,
region of the water column, while others focussed on the wake profile or the entire profile.
In this chapter different views on the modification of the velocity profile will be discussed
and specific attention will be paid to the consequences of this modification for the hydraulic

roughness.
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One frequently reported observation is that in flows with sediment particles in suspension,
the Von Karman coefficient x in equation (2.14) decreases with increasing sediment
concentration. A reduction of x changes the shape of the log-part of the velocity profile.
This concept originates from experimental studies, i.e. Vanoni [1946, 1977], Einstein and
Chien [1955] and Elata and Ippen [1961]. The concept of a reduced x has been widely

supported in following investigations.

Vanoni [1946, 1977] carried out a number of flume experiments. He established the
effective Von Karman coefficient x, from the slope of the flow velocity profile plotted on
semi-logarithmic axes, derived from experimental data points. According to Vanoni his

experimental results show that the k decreases from about 0.4 for clear water to about 0.2

for high concentrations. The results are shown in figure 2.3.
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Figure 2.3: Semi-logarithmic and linear graphs of velocity profiles from Vanoni [1977]

Also Einstein and Chien [1955] hypothesized that xk must be reduced in the lower part of
the water column in a sediment-laden flow. The authors argue that due to the presence of
sediment the energy balance near the bed - where mean flow energy is converted to
turbulent energy — is changed. Because of that they assumed that the turbulence pattern and
thus the velocity profile changes which can be accounted for by a change of x . Einstein and
Chien further assumed that in turbulent sediment-laden flows momentum is not only
transported by the exchange of water particles, but also by the exchange of sediment
particles. The velocity fluctuations of sediment particles would increase the shear stress in

the flow. In accordance with the Prandtl mixing length theory Einstein and Chien give the
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following expression for a modified shear stress 7 at an elevation z in a sediment-laden

flow:

du

2-39
0z (2-39)

T:{Hmajpw . du
dz

w

where p, and p, are the density of sand and water respectively and L, is the (Prandtl)

turbulent mixing length.

Also Elata and Ippen [1961] agree on a modification of the Von Ké&rman coefficient.
However, strikingly, they explicitly state that the change the velocity profile in a sediment-

laden flow relative to clear-water flow cannot be attributed to a damping of turbulence.

Vanoni [1977] states that: “Because all of the evidence is in agreement, it can be concluded
that the effect of suspended sediment in a flow is to reduce the value of the Von Kérman «
below its value for clear fluid.” This statement is contradicted by Coleman [1981, 1986].
Coleman opposes the idea of reducing x . He argues that in the period during which these
studies were done the knowledge on boundary layer flow was limited. He states that in these
early days researchers assumed that the logarithmic law of the wall could be applied in
ranges much further away from the wall. This assumption originates from misinterpretation
of experimental velocity profile data, which showed no wake region because of turbulence
entering the measurement section from upstream. So during their studies, Vanoni [1946],
Einstein and Chien [1955] and Elata and Ippen [1961] would be unaware of the existence of
the wake region. After re-analyses of the experimental data of Vanoni [1946] and Einstein
and Chien [1955], Coleman concluded that in each case the data from which x was
obtained, were high up in the flow, beyond the region of validity of logarithmic law of the

wall, i.e. in the wake region. Coleman concluded that there is no significant difference of x .

Coleman gives the following equation for the entire velocity profile above the viscous sub

layer (logarithmic part and wake region) of a sediment-laden flow:

i—i'n u*z+Ab_ & - & +E u.z V‘s‘ (2-40)
u «k Vv u, Jo u, ) K%R v U0,
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where A, is a smooth-boundary velocity profile integration constant, Au is a velocity

profile shift, (Au/u*) is a function for velocity reduction due to boundary roughness and

R

the term (Au/u*)S is a velocity reduction function due to suspended sediment, I1 is the

wake strength coefficient, m,, is a functional symbol for the wake region function, 9, is
the thickness of the logarithmic boundary layer, v; is the kinematic viscosity in the

logarithmic boundary layer.

The last term on the right side of equation (2-40) is the wake region augmentation function,

while the logarithmic part op the velocity profile can be expressed by:

u 1, uz Au Au
— ="In +A\) - == - = (2-41)
u Kk Vv u, ). \Lu )

After comparing measured data points and data obtained from calculations, Coleman

concluded that the wake strength coefficient IT is affected by the presence of suspended

sediment. According to Coleman, figure 2.4 indicates the existence of a universal IT(Ri)
function independent of particle size, ranging from a clear water asymptote of about 0.2 to a
suspension capacity asymptote of about 0.9. Here RI, is the bulk flow Richardson number,

which can be expressed as:

_95.(p,—py)

Ri,
(p)u

(2-42)

where p, is the sediment-water mixture density near the bottom, <p> is the average

sediment-water mixture density and u, is the local velocity at the top of the logarithmic

boundary layer.
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Figure 2.4: Wake strength (I1) coefficient plotted against Richardson number ( Ri )

Furthermore Coleman observed that the thickness of the log-region is reduced and that the

suspended sediment causes a downward shift of (Au/ u*) in the logarithmic part of the

velocity profile and that this shift does depend on the particle size (figure 2.5).
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Figure 2.5: Velocity profile for clear-water and capacity suspension flows in experiments with 0.105 mm sand

Concerning a change of the velocity profile, Winterwerp [2001] noticed that a steepening of
the near-bed velocity gradients must imply a decrease of the velocity gradient higher in the

water column, when the flow rate is kept constant. His numerical simulation of Coleman’s

TU Delft
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laboratory experiments predicted both the decrease of the Von K&rman coefficient and the
change of the velocity defect law. Winterwerp’s numerical simulations will be discussed in

more detail in section 2.6.1.

2.6 Viscosity approach

As was described in the previous chapter some researchers attempted to account for the
effect by formulating a sediment dependent expression for the velocity profile. Another way
to account for the effect is through modification of the expression for the viscosity, which

lies at the basis of the shape of the velocity profile.

In order to be able to model the eddy viscosity one often makes use of turbulence closure
models. As was explained in section 2.2.2, the eddy viscosity can be described as the
product of a characteristic turbulence length scale and characteristic turbulent velocity. The
length scale can be defined directly or, like the characteristic velocity, can be derived from a
k—& (or k—w) turbulence closure model. In a depth-averaged model this kind of
turbulence closure model cannot be used. Then the turbulent viscosity is chosen as an

empirical expression over the vertical.

This section presents sediment induced modifications of different turbulence models and
modifications of an expression for mixing length. Numerical models that make use of a
modified turbulence closure model were set up and their results were compared with
observation data. Furthermore the analyses of field measurements in the Amazon estuary

will be discussed.

2.6.1 Modification of the K — & turbulence model

Winterwerp [2001] argues that changes in flow behaviour due to the presence of suspended
sediment can be explained from stratification effects (see section 2.3). To simulate the
stratification processes in the vertical Winterwerp used the 1DV POINT MODEL. He
studied the particle-fluid interaction by use of this 1DV POINT MODEL. The model is
based on Delft Hydraulics’ model DELFT3D, from which all horizontal gradients have been
stripped except for the longitudinal pressure gradient. The model consists of the continuity

equation for the water phase, the momentum equation, the mass balance equation for the
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suspended sediment, a turbulence closure model and an equation of state, which relates fluid
density to suspended sediment concentration, salinity and temperature. To account for the

buoyancy effect the k —& turbulence closure model includes a buoyancy destruction term:

ok 0 v, |0k | ——odu g——
—=—| |Vt | = |FUW ——=p'W-¢ (2-43)
ot oz o, )0z oz p

- - 2
%zg Vit M 192 _ClgEurw'a_u_(l_cse)gp’w’_ckg_ (2-44)
ot oz o, ) oz K oz Jo, K

where atk and o are the turbulent Prandtl-Schmidt numbers for k and &, respectively,

C,., C, and C, are coefficients. The second and third terms on the right-hand side in
equation (2-43) are referred to as shear production and buoyancy destruction of turbulent

kinetic energy, respectively. Their inversed ratio is the flux Richardson number Ri;,

(equation 2-35).

Equation (2-43) and (2-44) are transport equations for the turbulent kinetic energy k and a
transport equation of the dissipation of turbulent kinetic energy per unit of mass ¢
respectively. Again a prime denotes the fluctuating part and an overbar means averaged over

the turbulent time scale.

The turbulent sediment transport terms are modelled as gradient type of transport. The eddy

viscosity and the eddy diffusivity are given by:

k 2
V,=C,— (2-45)
P
Vv
Ir{=— (2-46)
Oy

where v, and T’} are the eddy viscosity and the eddy diffusity, respectively. Furthermore

o, is the turbulent Prandtl-Schmidt number for sediment and c, is a coefficient.
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The values of the coefficients in the turbulence model ¢, , C,,, C; and c, are derived from

experiments in stable stratified flows.

Winterwerp simulated the experiments by Coleman with the 1DV model to analyse the
effect of sediment induced buoyancy. The measured velocity profiles and concentration
profiles were properly predicted by the simulations that included the sediment induced

buoyancy term in the turbulence closure model.

Furthermore Winterwerp argues that in case of a constant energy slope in the 1DV model,
the effective bed friction will decrease as a result of turbulence damping and the flow will
accelerate. During acceleration more turbulence is produced which may result in more

mixing and thereby may distort the stratification effect.

2.6.2 Modification of the K —® turbulence model

To account for the buoyancy effect Yoon and Kang [2005] modified the k — @ turbulence
closure model. Yoon and Kang used a flow and sediment transport model that includes a
continuity equation for the water phase and a Reynolds averaged Navier-Stokes
(momentum) equation, a balance equation for suspended sediment and the k — @ turbulence
closure model. In this turbulence model k is the turbulent kinetic energy and @ is the ratio
of turbulence dissipation rate ¢ to the turbulent kinetic energy and may be regarded as a

characteristic time scale of the turbulence. The k —@ model equations are:

K WK Y kel (v +cyv )8—k (2-47)
o e N & "
a—w+Wa—w:cmﬂr&—czfuw2 2 (v+c3wvt)a—w (2-48)
ot 0z k oz oz 0z

For clear-water the eddy viscosity v, in this turbulence closure model is given by:

K
V=6 (2-49)
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In the above equations ¢, , C,, C,, C,,, C;, and c, are coefficients in the k-

0]

turbulence closure model.

To account for the effect of suspended sediment on the flow Yoon and Kang modified the
k —@ turbulence model. They proposed a new eddy viscosity that considers the effect of
suspended sediment following the mixing length theory of Einstein and Chien [1955],
equation (2-36). This resulted in the following expression for the eddy viscosity in

sediment-laden flow:

v, =C E 14[1-Pu c (2-50)
t 4 C() p

where c, is a coefficient of the k — @ turbulence closure model. Upon comparison of the

numerical results with Coleman’s experimental results, reasonable agreement was obtained.

2.6.3 Viscosity: a field study

Based on their analyses of data obtained from measurements on the Brazilian shelf in the
estuary mouth of the Amazon collected under AMASSEDS during 1989-1991, Vinzon and
Metha [2001] concluded that an increase in viscosity in the boundary layer inhibits
turbulence development. They assumed that these viscous effects can be attributed to the
presence of high suspended sediment concentration (10 — 100 g/l). Vinzon and Metha
showed that modification of the viscosity based on measurement data, results in a non-
logarithmic velocity profile and a change of the bottom shear stress over the tidal cycle.

Their calculations agreed well with the observation in the Amazon estuary.

With numerical simulations of the flow in the Amazon shelf, Gabioux et al. [2004] showed
that the presence of fluid mud in the Amazon estuary has significant effect on the tidal wave
propagation. Gabioux et al. assumed that the presence of the fluid mud layers leads to an
increase in the fluid viscosity and density and reduces the bottom shear stress thus affecting
the tidal wave propagation. To study this effect they carried out four numerical simulations.

Two simulations considered sand or sand and consolidated mud and used the traditional
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turbulence parameterization. The other two simulations considered a fluid mud layer with a

viscous parameterization as was proposed by Vinzon and Metha [2001].

The results of the Amazon shelf model simulations correlate with observations
(AMASSEDS), only if the effect of the fluid mud layers is taken into account. The results
showed that the simulation with sand beds or sand and consolidated mud deposits

underestimate the tidal amplification by 40% - 50%.

2.7 Mixing Length

Another way to modify the eddy viscosity is through a modification of the mixing length. In

literature various expressions for a modified mixing length in sediment-laden flow exist.
Umeyama and Gerritsen [1992] proposed a new mixing length theory, which accounts for

the effect of the sediment load. Umeyama and Gerritsen modified the mixing length theory

of Henderson [1966]. Henderson’s original equation was:

; 0.5
L =x ( 5 j (2-51)

t

It was modified to:

z "
=Kkz|1-— 2-52
L K( 5} (2-52)

t

to allow for a better fit. o is a coefficient related to the mixing length. Umeyama and

Gerritsen let the mixing length vary with the sediment concentration, through the exponent

o, ie:

1 c
o = E{“ i C—j (2-53)
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where C is the mass concentration of suspended sediment, C, is the reference mass

concentration at z=a in which a is a reference level and y, is an adjustable constant

which depends on several characteristics of the sediment-laden flow. For verification of
their model they used experimental data from different researchers, i.e. Vanoni [1946],
Einstein and Chien [1955] and Coleman [1981]. Umeyama and Gerritsen used their
modified mixing length hypothesis to calculate vertical velocity distributions for clear-water
flow and sediment-laden flow. The analytical velocity distributions agreed well with

velocity distributions obtained from the experimental data, provided that the appropriate

value of y, was chosen.

Mazumder and Goshal [2005] elaborated on the theory of Umeyama and Gerritsen [1992].
To account for the effect of suspended sediment on the vertical velocity and sediment
concentration profiles they modified the mixing length in the same way. But besides the
mixing length they modified the turbulent shear stress and the settling velocity by letting it
decrease with increasing sediment concentration. They verified their model with
experimental data (Vanoni [1946], Einstein and Chien [1955] and Coleman [1981]). The

model results and experimental data showed quite a good agreement.

2.8 Stratification; Monin-Obukhov

In section 2.3 it was already explained that a density gradient can change the velocity and
concentration profile. If one assumes that suspended sediment can cause such a density
gradient then the theory on stratification may contribute to the derivation of a suspended
sediment theory. Using the theory of stratified boundary flows enabled many researchers to
explain the observed effects in a physically satisfying manner. Furthermore many
researchers assumed an analogy between the stratification that arises within a channel flow
due to gradients in sediment concentrations and stratification that appears in the atmosphere
due to temperature gradients. This analogy was used to parameterise sediment-laden flow.

Numerical model results or observation data were used to verify the parameterisations.

Within climatology and meteorology the Monin-Obukhov length is defined as the height
above the earth surface, where mechanically produced (by vertical shear) turbulence is in

balance with the dissipative effect of negative buoyancy. At this height the flux Richardson

number equals 1. The Monin-Obukhov length (L, ) is given by:
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Lyo =—— (2-54)

Besides this length scale a Monin-Obukhov stability parameter can be defined:

KZp'wW
C=1/L, :g_—ps (2-55)
pu*

This is the ratio of the potential energy required at a particular level in the flow to equalise
the density difference and to level the concentration, to the turbulent kinetic energy supplied
by the shear at that level. This parameter is a measure for the magnitude of the reduction of
the frictional effect of turbulence due to the extra work required to mix the sediment. When
comparing the stratified atmosphere with the stratified channel flow, the effect of suspended

sediment can be assessed by investigating ¢ .

Several researchers have proposed that this theory can be adapted for open channel flow.
Barenblatt [1953] was probably the first to elaborate on this analogy. Taylor and Dyer
[1977] followed the approach of Barenblatt [1953] and used the following expression to

account for the suspended sediment effect on the velocity profile:

u= U [Ini+ Alij (2-56)
K Z,

MO
where A =5.2 and L,,, is the Monin-Obukhov parameter in a sediment laden flow.

Also Itakura and Kishi [1980] used the similarity theory for their theory on sediment-laden
flow. They reanalysed the data of Vanoni [1946], Einstein and Chien [1955] and some
others. For their description of the velocity distribution they used the Monin-Obukhov
theory to account for the buoyancy effect. Itakura and Kishi derived the following
expressions for the velocity distribution for hydraulically rough and smooth conditions

respectively:
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u,k
-£=&5+llm£+%£- for —=>70 (2-57)
u, K K, K, vV,
. K,
with ¢, = A, (2-58)
I-MO
u,k
_£:55+1(mug+¢ugjfm =<5 (2-59)
u, K v, Vv, vV
. 14
with ¢ = A, —° (2-60)
* I-MO

In the equations above v  is the kinematic viscosity for sediment-laden flow, i.e.:
v, =v(1+2.5¢, ) (Elata and Ippen [1961], Itakura and Kishi [1980]), c, is the volumetric
sediment concentration at height z above the bottom, A, is a Monin-Obukhov coefficient
and L,,, is the Monin-Obukhov length scale. According to Itakura and Kishi the coefficient

A, has a value of around 7 for many velocity distributions in flows with suspended

sediment. Furthermore they derived the following expression for the Monin-Obukhov length

in sediment-laden flow based on the energy distribution in sediment-laden flow:

1 _xgf(p/p.)-1w,c
Lvo Uf

(2-61)

According to Itakura and Kishi the velocity distribution for sediment-laden flow in defect

form can be expressed as follows:

u-u 1 z z
— M " lln—+¢,| —-1 2-62
U, K{ h ¢2(h ﬂ (262
with ¢, = A, M (2-63)
I-MO

where u,,, is the maximum value of the horizontal velocity at a certain point in the vertical

and h is the depth of the channel
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From the modified velocity distribution Itakura and Kishi derived an expression for the
hydraulic roughness in sediment-laden flow. This will be discussed in section 2.9.

Further work was presented by Adams and Weatherly [1981]. They formulated a numerical
model of the ocean bottom boundary layer of Florida Street in order to get a better
understanding of the buoyancy effect of suspended sediment particles on the structure and
dynamics of the bottom boundary layer. The vertical eddy viscosity was modelled with a
turbulence closure model (Mellor Yamada level Il). To account for the buoyancy effect,
they included a buoyancy destruction term in the turbulence closure model. The model
results showed reasonable agreement with field observation in Florida Street. The results
indicated that the boundary layer response to a suspended sediment concentration gradient is

to reduce the level of turbulence significantly.

Furthermore they developed a new formulation for the velocity profile over the
‘logarithmic’ layer, derived from atmospheric theories. They used the numerical model data
to analyse the newly developed theory. In analogy with equation (2-54) they defined the

Monin-Obukhov length scale for the suspended sediment case as follows:

u2

L. = :
"0 k*9z[(p, - p)/ ploc/ez

(2-64)

In the stratified boundary layer of the suspended flow, L,,, varies with height.

Adams and Weatherly assume that the non-dimensional shear (®) in the lower part of the

bottom boundary layer is a universal function of £ , i.e.:

z oU
WL () (2-65)
u. 0z

They plotted the non-dimensional velocity shear against £ . The data points were derived

from the output of their numerical model. A least squares fit of the data yielded:

® =1+ AL (2-66)
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where A, =5.5. Integrating equation (2-65) for the logarithmic boundary layer and

substituting L,,, = z/Ri; yields:

2 Ri
u=&[lni+5.5j —fdzj (2-67)
k| oz, )

If Ri, is assumed to be constant then this equation reduces to:

U, Z
u=—»In— (2-68)

Ks Z0

where «, = /(1+ ARi )and x may be interpreted as a modification of the Von Karman

constant. According to the model results of Adams and Weatherly the current speed (made
non-dimensional with u,) increases with height above the bottom, to a maximum of about

125% relative to clear water flow. The increase of the slope of the velocity profile has
frequently been accounted for by decreasing the Von Karman constant. By applying the
similarity theory derived from atmospheric boundary layer studies, Adams and Weatherly

are able to give a physical explanation for the reduction of the Von Karman coefficient.

Furthermore they observe a significant reduction of u, .

Soulsby and Wainwright [1987] also used the analogy between the stratification in the
atmosphere and stratification in a sediment-laden flow to investigate the effect of suspended
sediment. From this analogy they derived a criterion under which it is permissible to neglect
the sediment effect. They state that in the atmosphere the stratification effect can be

neglected if the Monin-Obukhov stability parameter is sufficiently small, i.e.:
¢ <0.03

They assume that this same criterion holds for the suspended sediment effect.
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Soulshy and Wainwright derived an expression for the Monin-Obukhov stability parameter
for sediment-laden flow. Their expression includes a pick-up function of Smith and McLean

[1977]. Their expression for ¢ is the following:

‘= gxy:W, (o, —PW)(U*Z _Ufc){Vzpw(uf —uZ )}ﬂ 70-) (2-69)

pWUfU*ZC g(ps_pw)

where 8 =w,/ku, is the Rouse number,y, and y,are empirical coefficients and u, is
the critical shear velocity above which bed-load movement of sediment takes place. The
stability parameter for sediment-laden flow is a function of u,, the particle diameter D and

Z and of physical properties of the sediment-material and the water.

Soulsby and Wainwright assume that sediment can not remain in suspension in case the

following criterion holds:

To investigate the dependence of the stability parameter £ on D , u, and z Soulsby and

Wainwright plotted several contours of £ ina D —u, plane, which resulted in a stability

diagram (figure 2.6). The contour lines separate different regimes. Each regime has
distinctive characteristics in terms of sediment stratification effects and the resulting shape

of the velocity profile.
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Figure 2.6: Summary of the effect of stratification induced by suspended sediment on velocity

profiles, and its dependence on flow velocity and grain-size for quartz in sea-water.

The different regimes can be described as follows:

Regime I: 1< <3, £, <0.03: Stratification is not significant at the bed and becomes
even less so with increasing height.
Regime II: 1< B <3, £, >0.03: The flow is significantly stratified at the bed, but

becomes less so with increasing height, until a height is reached at which £, = 0.03.

Regime I1l: 0< <1, {, <0.03: Near the bed the density is constant, but { increases
with height.

Regime 1V: 0< <1, £, >0.03: The flow is significantly stratified at the bed and
becomes even more so with increasing height.

Furthermore if u, <u,, there will be no motion and if u, >u,., >3 there will be bed

#C !

motion only.

Soulshy and Wainwright state that if the suspended sediment effect is neglected while

¢, > 0.03 the value of u, will be overestimated.

2.9 Literature on hydraulic roughness

The practical purpose of this research project is to make it possible to simulate the tidal

propagation of sediment-laden flow with a depth-averaged numerical model. One way to do
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this is to parameterise the effect of the suspended sediment as a ‘bottom effect’, e.g. effect
on bottom friction. Many researchers argued that the suspended sediment results in an
increase of flow velocity and a decrease of hydraulic roughness. In 2Dh this could be
simulated by lowering the bottom friction. In literature there are theories that propose a
modification of the hydraulic roughness. In the next section literature on hydraulic

roughness will be discussed.

Elata and Ippen [1961] concluded from their experimental data that the apparent Chézy
coefficient decreases with increasing sediment concentration for volumetric concentration
up to 20%. For concentration higher than 20% they observed a slight increase of the Chézy
coefficient. Both for decreasing as for increasing the Chézy coefficient their experiments
showed that the difference was no more than 5% compared to the Chézy coefficient for
clear water flow. Elata and Ippen concluded that the Chézy coefficient for flows with

suspended sediment differs only slightly from the Chézy coefficient for clear water flows.

Contrary to Elata and Ippen [1961] most of the literature on the roughness effect of
suspended sediment find a significant decrease of roughness. Itakura and Kishi [1980]
derived a hydraulic resistance law for sediment-laden flow from their modified velocity
distribution (equation 2-57 and 2-59). Integrating (2-57) and (2-59) gives the depth-

averaged velocity u:

1:6.O+l In£+ﬁ for u*—k5>70 (2-70)
U.. Kk k& 2k vV,
1:3.O+1[Inﬁ+ﬁj for u*—k5<5 (2-71)
U K v, 2K Vv,

Assuming v =v_, Itakura and Kishi find the following relationship between the Darcy-

Weisbach friction factors for clear water and sediment-laden flows:

b -
f, f 2«
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where f and f_ are the Darcy-Weisbach friction factors for clear water and sediment-laden

flows, respectively. Equation (2-72) shows that the friction factor for sediment-laden flow is

less than the friction factor for clear water flow.

Further work on reduced roughness in sediment-laden flow was presented by Toorman
[2000]. Toorman also assumed the sediment effect to be a stratification effect. He proposed
that the difference between homogeneous and stratified fluids can be expressed by semi-
empirical correction factors, damping functions. Toorman gives the following definition for
the damping functions:

Vi) =Vt R (2-73)
FS
Ft(s) =I\F=v,— (2-74)
Oy
Where v, and I', are the eddy viscosity and eddy diffusity in a stratified, sediment-

laden flow respectively. F, is the damping function for momentum and F, is the damping

function for mixing (diffusity), so that:

Oys) = Oy 5 (2-75)
FS

K, = FK (2-76)

L[(s) = kL 2-77)

where o, the turbulent Prandtl Schmidt number, o, and L, are the Prandtl Schmidt

number and the mixing length in sediment-laden flow respectively.
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The new theory was implemented in a numerical model, both into the Prandtl’s mixing
theory and in the k —& turbulence model. In the k —¢ turbulence model damping by

buoyancy effects was included through a buoyancy destruction term.

Through application of the damping functions Toorman found an expression for the near-
wall velocity profile in sediment-laden flow. Furthermore Toorman estimated the value for

u, in sediment laden flow. Toorman states that the u, is a crucial parameter in modelling

wall turbulence. The shear velocity is required for the calculation of the near-wall boundary

conditions for velocity, turbulent kinetic energy and turbulent dissipation rate.

Through application of the modified parameters Toorman proposed the following

modification of the velocity profile:

u=2 In{i} + jdz{l_ F } (2-78)
K Z, 2 zZF,

This corresponds to the following expression with a modification factor for the roughness

height z,:
u=dn—2 (2-79)
Kk oy(2)z,

where ¢ is a friction correction factor. The corresponding velocity gradient is:

ou u, Z o,
—= 1+——— (2-80)
07 K,Z o, 0z

From this it follows that:

Fio14 299

2-81
o, 0z (#61
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Through application of the numerical model Toorman found that the modification factor o,

is a function of WS/U* and of the Richardson number. From numerical experiments, he

derived the following empirical formula:
o, :exp[—(1+a1Ws/u*)l—exp(—blRi”l)] (2-82)

where a, =7.7, b =1/0.6and n, =0.85. With this formula the shift of the velocity

profile Au can be calculated, i.e. the shift is equal to:

Au=—(u./x)In(e,) (2-83)

Byun and Wang [2005] examined the effect of sediment induced stratification on sediment
transport and tidal dynamics in a region on the southwest coast of Korea. They used a
sediment transport model coupled with a three-dimensional tidal hydrodynamic model.

They state that feedback between sediment-transport dynamics and hydrodynamics is an
important factor in modelling sediment transport dynamics in tidally dominated, turbid,
coastal environments. According to Byun and Wang a suitable approach to simulate the
effects of this feedback is to use a modified bottom-drag coefficient as a stability function,

together with the inclusion of the stratification effect on the hydrodynamics. Byun and
Wang modified the drag coefficient ¢, by introducing a stability function (1+ AR, )

They derived the following expression for the modified drag coefficient that they used in

their numerical model:

c, = K (2-84)

(1+ ARi )In((h+12,)/2,)

While the bottom stress is given by:

T, = PCs |ub|ub
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Numerical experiments with and without the effects of sediment stratification showed
different results. Byun and Wang argued that these differences are due to the reduction in
turbulent mixing and bottom stress caused by the presence of a suspended sediment-induced
stratification. The sediment effect resulted in a reduction of the erosion rates, an increase of
the spatial extend of deposition areas, a significant decrease of rates and spatial extend of
net suspended-sediment transport and an increase of the vertical gradient in sediment

concentration in the water column.

Thompson et al. [2006] examined the change in bed shear stress from flume measurements,

by investigating the drag coefficient C. They found drag reduction for concentrations up to

20 g/L. They observed a reduction of the value of the drag coefficient up to 50% compared
to clear water. For higher concentrations, up to 200 g/L the drag coefficient returned to its
clear water value again. They showed that for concentrations below 200 g/L, the
acceleration due to the suspended sediment effect outweighs the deceleration due to an

increase in fluid viscosity and an increase in fluid mass.

2.10 Discussion

Studies reported in literature all show a significant effect of the suspended sediment on the
flow structure in open channel flow. This means that the traditional theory for clear water
flow does not hold for sediment-laden flow. To model the suspended sediment effect, early
investigations concluded that the Von Karman coefficient must be reduced for sediment-
laden flow. This conclusion was mainly based on a best fit through experimental data. Later
studies looked for a physically more satisfying explanation for changes of the flow structure.
Many researchers concluded that the effect of suspended sediment is a stratification effect.
Literature on field observations also report on stratification effects due to suspended
sediment, for example in the Ems Estuary (Winterwerp [1999]), in the Yangtze Estuary
(Yang et al. [2002]), in the Amazon (Vinzon and Metha [2001]) and in the deep ocean of
Florida Street (Adams and Weatherly [1980]. It was concluded that in sediment-laden flow,
damping of turbulence by buoyancy is the underlying principle of changes in concentration
and velocity profiles, compared to clear-water flow. This does not mean that the idea of a
reduction of the Von Karman coefficient is wrong. Adams and Weatherly [1981] showed that
changes due to the buoyancy effect can be interpreted as a change of the Von Karman

coefficient. Furthermore it is concluded that it depends on the specific flow and sediment
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characteristics, whether the major effect is found near the bed or higher in the water column,

as was conceptually shown by the stability diagram of Soulsby and Wainwright [1981].

The buoyancy effect was modelled in various ways. Literature reports on numerical models
that include the effect in a turbulence closure model. Several researchers included a
buoyancy destruction term in the turbulence closure model to account for the damping of
turbulence (Toorman [2000], Winterwerp [2001], Yoon and Kang [2005]). Comparison with

experimental data showed favourable results.

For an expression of the modified velocity profile one often comes across a relation with the
dimensionless Richardson number or Monin-Obukhov stability parameter, which is derived
from atmospheric theories. The Richardson number and the Monin-Obukhov stability
parameter are both a measure for damping of turbulence in a stratified flow. Correlations
between the modified expressions and numerical or experimental data validate the use of
these dimensionless parameters to express the buoyancy effect, e.g. Adams and Weatherly
[1981]. Because it was observed that the damping of turbulence results in apparent
smoothing, the above mentioned relations were used to derive an expression for the
effective hydraulic roughness in sediment-laden flow. One way is to integrate the modified
velocity profile (see e.g. Itakura and Kishi [1980]) resulting in an expression for the depth
integrated velocity including a term that represents a roughness reduction. The approach of
using the Monin-Obukhov stability parameter to derive an expression for hydraulic
roughness, has proven to be an efficient theory: Correlations with numerical model results

have been very convincing. The theory will be followed in this research project.

238 TU Delft
WL | Delft Hydraulics



Hydraulic roughness in sediment-laden flow

TU Delft
WL | Delft Hydraulics

3  Roughness parameterization

3.1 Introduction

Many studies reported in literature show an appreciable effect of suspended sediment on the
turbulence properties of open-channel flow. The effect is present even at moderate sediment
concentrations. Based on a thorough literature study (chapter 2) it was concluded that
suspended sediment induces stratification. In a stratified boundary flow turbulent mixing is
hindered due to the buoyancy effect. Previous investigations (e.g. Taylor and Dyer [1977],
Itakura and Kishi [1980], Soulsby and Wainwright [1987]) showed that a convincing
method to model the stratification effect is by using existing theories developed for the
earth’s atmosphere. For many researchers the analogy between the stratification that arises
within a channel flow due to gradients in sediment concentrations and stratification that
appears in the atmosphere due to temperature gradients, provided a physical background to
model the behaviour of sediment-laden flow. This study elaborates on the similarity theory
and applies theories on heat- and/or salinity-induced stratification effects to derive a

parameterization for sediment-induced reduction of effective hydraulic roughness.

Barenblatt [1953] introduced the Monin-Obukhov length scale L,,, Epuf/Kgp’W’ to

establish a damping function for the eddy viscosity. The Monin-Obukhov length scale can
be regarded as a measure for the turbulent mixing length in stratified flow. Following
Barenblatt, it is assumed that the log-linear velocity profile for sediment-laden flow can be

expressed as (Winterwerp [2007], personal communication):

u_1 .H [_j o
U, K Z, Lo

where a,and m are coefficients. Herein one can recognize the Monin-Obukhov stability

parameter (equation 2-55):
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!

gkzZp'w
¢ = Z/LMO = 3
pU*

Stratification effects are negligible if £ < ¢, = 0.03 (Soulsby and Wainwright [1987]).

Note that equation (3-1) was developed for boundary layer flow in the atmosphere. However
there are differences between the dynamics of the stratified boundary flow in shallow water
and the dynamics of the stratified boundary flow over the earth’s surface are briefly

discussed. Next the differences, that are relevant for this research, are briefly discussed.

In fluid mechanics, the boundary layer is the layer of fluid in the immediate vicinity of the
bottom boundary, in which the free flow velocity decreases due to viscous and shear effects.
In the atmosphere the boundary layer is the air layer near the ground affected by heat,
moisture or momentum transfer to or from the surface. These physical quantities such as
flow velocity, temperature and moisture display turbulent fluctuations and vertical mixing is
strong. The boundary layer extends from 1 to 5 km in height. While temperature and
pressure decrease in the lower atmosphere, viscosity increases. The eddy viscosity reaches a
maximum at the height where whirlwinds develop best. Contrary to shallow water flow the
atmospheric boundary flow is not bounded by a large density jump at the upper boundary. In
open channel flow, the surface boundary is formed by the interface between water and air.
Because of this interface turbulent fluctuations can hardly penetrate the free surface.
Therefore, just below the water surface viscosity is small and turbulent mixing is limited. In
figure 3.1 the viscosity profile for the atmospheric boundary layer and the parabolic
viscosity profile for shallow water flow have been sketched. The free surface is absent in

the atmosphere. Free surface effects are accounted for in equation (3-1), through the

coefficients a,and m, contrary to the original equation of Barenblatt.
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Figure 3.1: A viscosity profile for open channel flow (black line) and a viscosity profile for air flow in the

atmosphere (red line)

3.2 Derivation roughness parameterisation

3.2.1 Atmospheric approach

The objective of this research is to parameterise hydraulic roughness in sediment-laden flow
in order to be able to include the sediment effect in a 2Dh model. A friction law for depth-
averaged hydrodynamic models can be obtained by integrating equation (3-1) over the water

depth h. For clarity, this is done term by term:

h —
J dZ{i} = 22)
0 U.. U.

Id{i'{—}}f dz{%m{z—i}}=§[zm{z}—z—zm{zo}];=

(3-3)
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Assuming local equilibrium, i.e. (p'W'ZAWSC; A:(ps—pw)/ps) and substituting

equation (2-54), the third term in equation (3-1) is rewritten as:

h m h m
j dz {%&Asw’c’z} = j dz {al &Aswscz} (3-4)
0 PoUs 0 P

For << 1 and assuming a logarithmic velocity profile, the relation between concentration

c(z) and its depth-averaged value T reads:

__sin{np}(1-z/hY’ -
c(z)=cC v ( h j for B<<1 (3-5)
with 8 = oW, /kU. (3-6)

which is the Rouse number. Hence, the solution to equation (3-4), the details of which are

given in the Appendix A, reads:

h m m
jdz {al KgASWScz} ~ h {al KgASWShE} =
. UL (m+1) |~ p,us

[gh(pb _pr) O-Twsj — th(Ri*ﬁ)m

Py KU.

(3-7)

=K;h

where K; and m are empirical coefficients to be determined and Ri, is the bulk Richardson

number, defined as:

Ri. — (p,—p.)oh (3-8)

ol

where py, = bulk density of sediment-laden flow. The bulk density depends on the sediment

concentration in accordance with:
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P, =c+{l—£j o, (3-9)

S

Combination of the equations (3-3), (3-4), (3-6) and (3-8) gives the friction law for depth-

averaged models, accounting for the effect of suspended sediment on the effective hydraulic

resistance:

£=£{In{£}—l}rKl(RLﬁ)m (3-10)
U K Z,

u = & + & (3-11)
U g g

C 3 C C

(3-12)

eff _ o 4+ b
Jo Vo o
where C, is the Chézy coefficient in clear water, C, is the additional Chézy value due to

the buoyancy effect and C,, is the effective Chézy coefficient, which is the sum of C,and

C, . For very small suspended sediment concentrations ( Ri. = 0) and/or very fine sediment

(8 = 0), the outcome is the familiar semi-log law of the wall. For the relation (3-10) that
holds for a larger concentration regime, the coefficients K; and m have to be assessed

experimentally.

Finally it must be noted that the solution expressed by equation (3-10) is not trivial. Next it
will be shown that a different approach for the derivation of the depth-averaged friction law

results in a similar relation between the effective resistance in depth-averaged flow and the

dimensionless parameters Ri. and .

3.2.2 Energy approach

Another assessment of the buoyancy effect can be obtained from energy considerations. In
sediment-laden flow, due to a vertical density gradient as a result of the vertical distribution

of the suspended sediment, buoyancy destruction of turbulent energy occurs. This can be
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explained as follows. At the bottom boundary of a channel flow the majority of turbulent

energy is produced. Part of the energy is necessary to keep the sediment particles in

suspension (=buoyancy destruction), while the rest of the energy is dissipated and diffused

by turbulent motion of the sediment water mixture. This means that in a sediment-laden

flow less energy is available for the turbulent energy cascade than in clear water flow. The

vertical distribution of horizontal velocity for a flow with suspended sediments, therefore

will differ from the distribution in a clear water flow. Next it will be shown a derivation of a

parameterisation for the effective hydraulic roughness in sediment-laden flow, which is

based on the above energy argumentation, results in an expression that is similar to equation

(3-10).

production = dissipation + buoyancy destruction:

h
Ury, = Ur, + I Agw,cdz

By substituting 7, = Cfpa2 and c, :%’

U —=p0u —+hAgw.c
P9 Cesz £9 Cg gw,

Dividing equation (3-14) by pu® gives:

—3

ghAw,c

9— = gi+
u® c:  pud

1 u
Cor W

Because the following relations hold:

C

—3 3 —3
— = i sothat—g 2=—
¢\ o c’ g

equation (3-14) can be rewritten according to:

(3-13)

equation (3-13) can be written as:

(3-14)

(3-15)
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Cs C, ghAwc

Jg Vo v

(3-16)

This expression is similar to equation (3-10). However the derivation of section 3.2.1 allows

to account for the vertical distribution of U and ¢, which is not the case in 3.2.2.

Another way to rewrite equation (3-13) is as follows:
(Gpuf )eﬁ - (Gpuf )0 +hAgw, c (3-17)
If equation (3-17) is divided by pu? this also leads to:
) ()2
u, ) u, pu;

which similar to equation (3-10). The last term on the right hand side can be rewritten in

terms of the bulk Richardson number Ri, and the Rouse number f3:

o, pME KU,

j =[£j +£ gh(pb _pw) oW,
eff u, 0

C

(_ﬁ} _ [&j _ K,Ri. (3-18)
Jo) (Ve

where K, is an empirical coefficient.

The above derivation shows that, based on an energy argumentation, one gets a similar

roughness parameterisation as in equation (3-10). This strengthens the conclusion that the

TU Delft 37
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effect of buoyancy destruction on the effective hydraulic roughness in sediment-laden flow

is proportional to Ri, and can be described by a relation of the form of equation (3-10).

3.3 Theoretical validation

3.3.1 Approach

In the next section the roughness law for depth-averaged models will be validated. Also the
coefficients K; and m (equation 3-10) will be assessed. To this end the 1DV POINT
MODEL will be used. The 1DV POINT MODEL was developed based on DELFT3D-
FLOW, the software system of WL | Delft Hydraulics. DELFT3D-FLOW is a three
dimensional numerical flow model. The three dimensional model has been converted to the
1DV model by stripping all horizontal gradients, except for the horizontal pressure gradient.
DELFT3D-FLOW is used to simulate the water movement and transport of matter in three
dimensions. Both the three dimensional model and the 1DV model account for the effects of
sediment-induced stratification by including a buoyancy destruction term in the k—¢
turbulence closure model. More details on the three dimensional model DELFT3D-FLOW
and the 1DV POINT MODEL can be found in the Appendices B and C respectively.

Assuming that the behaviour of flows laden with fine sediment can be analyzed properly
with the hydrodynamic approach implemented in the 1DV POINT MODEL , the output data

of this 1DV model will be used as input for the 2Dh friction law, expressed by equation (3-
10). There are five variable parameters in equation (3-10), i.e. G, Z,, h, w, and C. These

parameters are input parameters for the 1DV POINT MODEL. By varying the values of

these input parameters, the sensitivity of the effective hydraulic roughness can be assessed.
This assessment will be done through analyses of the relation between C /\/5 (or a/u* )

and Ri, S for different values of the input parameters. After the friction law for depth-

averaged models (equation 3-10) has been analyzed, a least square fit will be used to

determine the coefficients K; and m.

Section 3.4.1 gives a first impression of the sediment effect. Figures 3.2 to 3.5 show the

effect of the sediment induced stratification on the vertical distribution of horizontal

TU Delft
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velocity. In the sections 3.4.1 to 3.4.3 the relation between (Ceff /\/a) and (Ri,pB) is

assessed. The 1DV POINT MODEL was used to generate different values of shear velocity,

for increasing depth-averaged suspended sediment concentrations. The resulting data will be

discussed. Additionally the influence of the roughness height z,, the settling velocity

w, and the water depth h are analyzed.

3.3.2 Profiles

Figures 3.2 to 3.5 shows the vertical profiles of the horizontal velocity, the eddy viscosity

and the equilibrium sediment concentration for different values of the depth-averaged
sediment concentration. For clear water (E =0 g/l), a common logarithmic velocity profile

and a parabolic eddy viscosity profile are computed. Due to the vertical sediment
concentration gradient, the vertical velocity profile for sediment-laden flow will change its
shape relative to the logarithmic velocity profile for clear water flow. This illustrates the
effect of sediment-induced buoyancy. A stronger gradient results in larger difference
between the value of the (local) horizontal velocity in clear water flow and the value of the
(local) horizontal velocity in sediment-laden flow. The 1DV POINT MODEL predicts a
small, but systematic decrease in eddy viscosity with increasing sediment concentration. It is
noted that the major effect of the suspended sediment is seen near the water surface. This is
because near the water surface mixing is limited, which results in a large vertical gradient of
the suspended sediment concentration there. Due to this large gradient turbulence is damped
extensively. Therefore the velocity profile is affected more near the water surface than

elsewhere in the water column.
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3.3.3 Variation of roughness height, z,

In figure 3.6 (Ceff /\/a) has been plotted against (Ri*ﬁ) . The graphs show the results of

the 1DV POINT MODEL for three different values of G and four different values of z,

for increasing sediment concentration (E). All other parameters have the same value for
each run of the 1DV POINT MODEL. The data points in figure 3.6 are within the low
concentration regime. Higher depth-averaged sediment concentrations result, after some
time, in a collapse of the vertical turbulence field. In this study, the suspended sediment
concentration for cohesive sediment just prior to this collapse is denoted by the term
‘saturation concentration’. Here only data for concentrations below saturation are presented.

The exact values for the saturation concentration depend on the variables.

Simulations for different values of the depth-averaged velocity and increasing sediment
concentration, while keeping other parameters constant, result in coinciding (Ceff / \/E )

curves. This is in agreement with the depth-averaged friction law, equation (3-10): Formula

(3-10) matches the 1DV data accurately. The different curves shift over a vertical distance
in the graph relative to each other, but keep the same relation relative to (Ri*,B). This

strictly linear translation of the graphs, without deformation, validates the hypothesis that
the term for sediment induced drag reduction, i.e. Kl(Ri*,B)m, is independent of the

roughness height z,. The roughness height z,is only present in the first term on the right

hand side of equation (3-10). This term indicates the crossing point with the y-axis, here
represented by the (Ceff / \/E ) axis. An increase of z, results in a decrease of (CO / \/5 )
which is defined as (C/ \/5 ) for a zero value of the depth-averaged suspended sediment

concentration ¢ and thus of (Ri*,B). Only the clear water component of equation (3-10),

i.e. the first term on the right hand side, is affected by a change of the roughness height z,,.

According to equation (3-10) the distance between two different (Ceff / \/E ) curves is equal

e (3-19)
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Assuming z,, = a,Z,,, Where «, is a multiplication factor. This can be derived as follows:

e N

Because K, (Ri,3)" is independent of the roughness height z,:

[ K (RiB)"| = K(RiB)" | (3-21)

From this it follows that:

el
, K Zy, Zy4

n
j —lln{%_;} (3-23)
1 K 201
j . {ﬂ}lm{a*zw} (3-24)
A K 20'2 K 20,2

] ] AC
[ij _[ij % Ly (3-25)
u ), \u) Jog «

Furthermore, in figure 3.6 the critical value of depth-averaged value of the Monin-Obukhov

stability parameter is indicated. The Monin-Obukhov stability parameter can be expressed
by (equation 2-55):

gkzp'w'
¢ = Z/LMO = 3
pU*

This parameter indicates the ratio of the potential energy required at a particular level to
suspend the sediment, to the turbulent kinetic energy supplied by shear at that level. In this

case the depth average value of this ratio is considered. This average value can be
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determined by integrating equation (2-55) over depth h and subsequently dividing it by h,
Ie.

) e

h h =K1(Ri*ﬁ)

The critical value for the Monin Obukhov stability parameter is ¢ =0.03, above which

the buoyancy effect is assumed to be significant. From this it follows that:
K, (Ri,3)" =0.03

In order to be able to point out the critical value ¢, , it is assumed that:
Ri,f=0.03

Finally, in figure 3.7 the graphs of figure 3.6 are normalised relative to clear water. After

normalisation all plots coincide, which is in agreement with equation (3-10).

314 TU Delft
WL | Delft Hydraulics



Hydraulic roughness in sediment-laden flow

e T
5]
T

I : :
| H B
| :
| : 7,=0.001m
| : :
I : -
18l i : : : T
‘ : : =155

'mean
=2 Om/s

le- (=0.03 : H ——
I I I 1 1 1 ;
005 01 015 02 025 03 035
Ri,8 [-]

Uinean

Figure 3.6: Plot (Ceff /\/5) versus (Ri*ﬁ) for different values of E and Z,, for increasing values of E

15 T T
L O OO OO s OO OO OO SO PO OO O U SOOOEE SOOON oSO UESURTOOIS SHPRPSRTO i
=
Z
=
<
3
=z,
5
<
05 -
U= DS
e U= B
: : e =2 D
0 i i 1 i | :
0.05 01 015 02 025 03 0.35

Ri.G ]

Figure 3.7: Plot (Ceﬁ /\/5)

different values of U and Z,, for increasing values of C

Versus (Ri*ﬁ), normalised relative to clear water conditions, for
norm.

TU Delft 315
WL | Delft Hydraulics



Hydraulic roughness in sediment-laden flow

3.3.4 Variation of settling velocity, w,

Again the relation between (Ceff /\/a) and (Ri*ﬁ) is assessed. Figure 3.8 shows the

results of the 1DV POINT MODEL for different values of u and w, for increasing
sediment concentration (E), ceteris paribus. Again the data that is presented is valid for
sediment concentrations below saturation. According to this figure the coefficients K; and m
are independent of u and W, , which is in agreement with the depth-averaged formulation

for hydraulic roughness in sediment-laden flow (equation 3-10). Again the point

Ri, 8 =0.03, below which stratification effects can be neglected, is indicated.

| (=003 : : e Up =2 05

005 0.1 0.15 02 0.25 03 035 04 0.45
Ri.8 ]

Figure 3.8: Plot (Ceff /\/5) versus (Ri*ﬁ) for different values of E and W, , for increasing values of E

3.3.5 Variation of water depth, h

Figure 3.9 shows the relation between (Ceff /\/a) and (Ri*ﬁ), for which the data are

derived from the results of the 1DV POINT MODEL. This relation has been plotted for

different values of u and h for increasing suspended sediment concentrations below

316 TU Delft
WL | Delft Hydraulics



Hydraulic roughness in sediment-laden flow

TU Delft
WL | Delft Hydraulics

saturation, keeping other parameters constant. According to equation (3-10) these plots
should result in parallel graphs if the coefficients K; and m were independent of h.
However the results of the 1DV POINT MODEL in figure 3.9 show a different relation.

Plotting (Ceff /\/a) Versus (Ri*ﬁ), using the output of the 1DV model, results in graphs

with increasing slope for increasing water depth. Figure 3.9 indicates that for larger depths,

the effective hydraulic roughness decreases more with increasing sediment concentration,
than for smaller depths. The 1DV model results suggest that the coefficient K, increases

with increasing water depth. Furthermore it is observed that below a certain depth, the
graphs show a linear increase of (Ceff /\/a) for increasing sediment concentration, while
above this depth the graphs are non-linear and show a slight flexion. This indicates that
above a certain depth, (Ceff / \/a ) increases more than linearly with increasing sediment

concentration, so that the coefficient m becomes larger than one.
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Figure 3.9: Plot (Ceff /\/5) versus (Ri*ﬁ) for different values of E and h, for increasing values of E

The apparent discrepancy of the numerical results (1DV model) and the analytical results of
the depth-averaged friction law (equation 3-10), is most likely due to the free surface
effects. These free surface effects are defined as the effects that occur due to the presence of

the free surface in open channel flow. The free surface effects scale with depth. Near the
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water surface mixing is limited and the kinematic viscosity is small, as can be seen from the
parabolic viscosity profile (figure 3.1). For the derivation of the depth-averaged friction law
(equation 3-10) theories are used, that were developed for the boundary layer flow in the
atmosphere. However in the atmosphere a free surface and thus free surface effects are
absent. Therefore the free surface effects are not accounted for in the *atmospheric theories’.
This implies that the friction law, which is based on these atmospheric theories, is not fully

applicable to open channel flow.

In order to further analyse this discrepancy, velocity and concentration profiles for different
channel depths must be investigated. Figures 3.10, 3.11 and 3.12 show the vertical profiles
for velocity and concentration in a channel with a depth of 1 m, 5 m, and 10 m respectively.
The velocity profile and concentration profile in figure 3.12 strongly differ from the profiles
in figures 3.10 and 3.11. It can be seen that for depth h=10 m there is a strong
concentration gradient near the surface. This strong gradient in the top-layer indicates the

collapse of the vertical turbulence field there.
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Figure 3.10a: Vertical profile of horizontal velocity; Figure 3.10b: Normalised vertical profile for horizontal

velocity; Figure 3.10c: Vertical profile of suspended sediment concentration
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velocity; Figure 3.11c: Vertical profile of suspended sediment concentration
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Figure 3.12a: Vertical profile of horizontal velocity; Figure 3.12b: Normalised vertical profile for horizontal

velocity; Figure 3.12c: Vertical profile of suspended sediment concentration
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For the derivation of the depth-averaged friction law it was assumed that the concentration
profile can be described by equation (3-5). In figure 3.13 equation (3-5) is plotted for the
same conditions as those that hold for figures 3.10 to 3.12 successively. Comparing these
analytically derived concentration profiles (figure 3.13) with the numerically derived
concentration profiles (figures 3.10, 3.11 and 3.12) it can be concluded that equation (3-5) is
valid for a depth of 1m and 5 m, however that for a depth of 10 m the profile cannot be
described by equation (3-5).
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Figure 3.13a: Vertical profile of suspended sediment concentration, h=1m; u= 1.5m/s; c = 6.5 g/l
Figure 3.13b: Vertical profile of suspended sediment concentration, h=5m; u= 1.5m/s; c = 6.5g/l

Figure 3.13c: Vertical profile of suspended sediment concentration, h =10 m; u = 1.5m/s; ¢ = 6.5 g/l

As was anticipated before, this can most likely be explained by the free surface effects, e.g.
near the water surface viscosity is small. These free surface effects scale with depth, which

can be seen from the expression for the parabolic viscosity profile, i.e.:

v, = KE (zh—zz)

320 TU Delft
WL | Delft Hydraulics



Hydraulic roughness in sediment-laden flow

As the 1DV model results suggest, a possible way to account for the free surface effects is to
make the coefficients K, and m dependent on the water depth. The relations of K, and m

to h have to be investigated further.

Figure 3.14 shows (Ceff / \/E ) curves that are normalised relative to the clear water

condition, which is represented by (CO / \/E ) According to equation (3-10) these curves

can be described by a power function of the form:

u u N
BICRE

(3-27)
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Figure 3.14: Plot (Ceff /\/E)

different values of E and h, for increasing values ofE

Versus (Ri*ﬁ), normalised relative to clear water conditions, for
norm.
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In order to find an expression for K, = f(h) and m = f (h), power functions are fitted on

the 1DV data points using the least square method. The results are shown in figure 3.15. The
least square method assumes that the best-fit curve of a given type is the curve that has the
minimal sum of the deviations squared (least square error) from a given set of data. In this
case, the data set is provided by the 1DV POINT MODEL. For clarity it is noticed that,
different than in figure 3.16 where the curves represent the least square fits through the data

points, the curves in figure 3.15 are drawn by connecting the subsequent data points. For the

least square fits in figure 3.16, it is assumed that the relation between (Ceff /\/5) and

norm.

(Ri*,B) can be described by a power function of the form of equation (3-26).

LSQ-fit
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Figure 3.15: Fit through data points describing the relation (Ceff /\/E) Versus (Ri*ﬁ) , for different

norm.

values of E and h, for increasing values of E

The coefficients K, and m can be approximated through application of the least square

method to the output data of the 1DV point model. From the least square fit through the

1DV data (figure 3.15) it can be seen that, apparently K, increases more than linearly with

h . Furthermore it can be seen that only for h>10 m the normalised (Ceff /\/5) curves

deviate from a linear form, which implies a value for m larger than one.
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The coefficients K, and m have been approximated for different depths. Besides for the

water depths presented in figure 3.15 (h=1, 5, 10 and 20 m) this has been done for

h=0.2m, h=05m, h=7m, h=8mand h=22 m. The results are shown in table
3.1 and table 3.2 respectively.

h Ky
0.2 0.13
0.5 0.37
1.0 0.87
5.0 4.90
7.0 8.39
8.0 15.39
10.0 21.56
20.0 56.67
22.0 66.56

Table 3.1: Values of coefficient K1 , for different values of h

h m

0.2 1.00
0.5 1.00
1.0 1.05
5.0 1.08
7.0 1.14
8.0 1.33
10.0 1.35
20.0 1.36
22.0 1.37

Table 3.2: Values of coefficient M, for different values of h

In figure 3.16 and figure 3.17 the values for K, and m are scattered against h.
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Figure 3.16: Scatter of depth h versus coefficient K; (see table 3-1)

135
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Figure 3.17: Scatter of depth h versus coefficient m (see table 3-2)

First figure 3.16 is considered. The path of the data points in figure 3.16 suggests that the

relation between K, and h may be described by a power function of the form:

3—24
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K, =a.h™ (3-28)

where a. and b, are empirical coefficients. In order to determine the coefficients a. and

b. again a least square fit is drawn. The type of curve can be described by a power function,

while the data set consists of the data presented in table (3-1). The best fit to this power

function is shown in figure 3.18. From this least square fit it can be derived that the semi-

empirical function K, = f (h) can be expressed by:

K, =0.76h"* (3-29)

Which implies that a. =0.76 and b, =1.45.

LSQ-fit

& [m]

Figure 3.18: Least square fit for depth h versus coefficient K; (see table 3-2)

Considering figure 3.17, it may be concluded that no specific functional form for the
relation of coefficient m to h exist. However it is speculated that for low values of the

water depth the coefficient m has a constant value of 1.0, while for depths h>10 m the

coefficient m can be approximated by 1.3.
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3.4 Depth-averaged friction law

From section 3.1 to 3.3 it can be concluded that the depth-averaged friction law can be

described by:

u 1 h . o\m
u—*_;_In{z—o}—l_+(K1(h))(R|*,B) (3-30)
g 1] [h] ]| s\

— = In{—}—l +(0.76h' )(Rl,,,B) for  h<10m (3-30a)
u k| (2]

T o1/ h 1 145\ /e L3

= In{—}—l +(0.76h' )(Rl,,,B) for  h>10m (3-30b)
u k| (2] |

In Chapter 5, this parameterisation for the effective hydraulic roughness will be tested on a

numerical simulation of the tidal propagation in the Yangtze Estuary.

3.5 Sensitivity analysis

This section reflects on the results of the 1DV model and indicates the sensitivity of the
buoyancy effect to changes of the variables. Furthermore the Chézy coefficient for two
representative conditions for coastal areas is assessed and the results are compared findings

of previous studies, as they are reported in literature.

First the situation is considered that the velocity increases (e.g. from 1.0 m/s to 1.5 m/s),
while the sediment concentration, the water level, the roughness height and the settling
velocity remain constant. From figure 3.19 it can be seen that the effective roughness is
reduced more for a lower flow velocity. This can also be derived from equation (3-10).

Because the depth average velocity is proportional to the shear velocity, the shear velocity

*

increases with increasing velocity. Furthermore (Ri*,B) is proportional to (u’s), while

(Ceff / \/a ) is proportional to (u) Hence the buoyancy effect decreases with increasing

velocity. Furthermore an increase of the sediment concentration results for a lower value of

the velocity in a stronger buoyancy effect.
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Figure 3.19: Sensitivity to changes of the velocity. Results of the 1DV model.

In case the water depth increases the clear water value of the hydraulic roughness increases.
However figure 3.19 indicates that the buoyancy effect does not change significantly, except
when the water depth becomes h>10m. In that case the free surface effects become
significant and the effective roughness decreases more, with increasing sediment

concentrations, due to intensification of the stratification effect.

Water that flows faster can carry more sediment, before collapse of the turbulence field.
Furthermore in shallower water saturation concentrations are higher. For concentrations
above saturation the 1DV model indicates that after some time the vertical turbulence field
collapses. For these concentrations the depth-averaged friction law is not valid and does not

coincide with the predictions of the 1DV model.

In reality the different parameters (G, Z,, h, w, and E) are related and change

simultaneously, both in time and space. For example, when the velocity increases, more
sediment will be picked-up from the bottom so that concentrations increase as well. The
sensitivity will be further analysed on the basis of a case study for the Yangtze Estuary.
Next the order of magnitude of the effective hydraulic roughness in sediment-laden flow is

considered for two representative conditions for estuarine areas.
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3.5.1 Casel

Clear water: z, =0.0005 m; w, = 0.0005 m/s; h=5m; u= 1,0 m/s; c = 0.0 g/l

Sediment-laden flow: | ; '—0,0005 m; w, = 0.0005 m/s;h=5m; u= 1,0 m/s; c= 2.5 g/l

Table 3.3: parameter values for case |

As can be derived from the 1DV model data the different values for the effective Chézy

coefficients for clear water and sediment-laden flow (table 3.3) respectively are:

Clear water:

C. =19.3-4/0.81=60.4 m*?/s
Sediment-laden flow:

C.; =19.7-/9.81=61.7 m**/s

Under these conditions the effective hydraulic roughness decreases about 2% relative to

clear water.

* :'(-CI'I.‘
<] ST N s PR
| Chézy = 61.7 m%s! [ -
- - | -__'__ e 0 O
Chézy =604 m¥g! [~ il

= = 0 (0w

W e - | g1 D
e -
! L geom: L | . H [t 20 |
Figure 3.19: Values for Chézy coefficient for case |
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3.5.2 Casell

Clear water: z, =0.0001 m; w, = 0.0005 m/s; h =20 m; u= 2.0 m/s; c= 0.0 g/l

Sediment-laden flow: | ; — 00001 m; w, =0.0005 m/s; h=20 m; u= 2.0 m/s; c= 7.5 g/l

Table 3.4: parameter values for case Il

Clear water:

C,; = 26.6-1/9.81=83.3 m"?/s
Sediment-laden flow:

C.; =30.1.4/9.81=94.2 m*?/s

For case 1l the effective hydraulic roughness decreases approximately 13% relative to clear
water. The values of the effective hydraulic roughness in sediment-laden flow that are
predicted by the 1DV POINT MODEL are small compared to the reported integral effects in
nature (e.g. Wang [1994], Wang et al. [1998], Vinzon and Metha [2001]).

| Chézy =942 m¥s |-

| Chézy = 83.3 m#s! |- "1 .

I
e d

- |
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| —
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|
1al L | 1 1 I L :
] T 3] [0 3 o3
Bl H

Figure 3.20: Values for Chézy coefficient for case Il

Also Toorman [2000] derived an empirical roughness parameterisation (equation 2-82,

section 2.9). The results for the depth-averaged friction law of the present study (equation 3-
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30) are compared with the results of Toorman. The results are plotted in figure 3.21 and

3.22. It can be seen that the buoyancy effect that is predicted by the friction law of Toorman

is significantly smaller than the effect that is predicted by the friction law of the present

study.
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1
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Figure 3.21: Results for the friction law of Toorman [2000]

Figure 3.22: Results for equation (3-24) and friction law of Toorman [2000] (black line)
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3.6 Discussion

In this chapter a depth-averaged friction law for the effective hydraulic roughness in
sediment-laden flow was derived. Hereby the similarity theory, which is proposed in
literature by many researchers, was followed. This implies that theories used for stratified
boundary flow in the atmosphere, can be adopted for sediment-laden flow in open waters.
Using this approach, a preliminary functional form of a depth-averaged friction law was
derived (equation 3-10). This friction law suggests that the reduction of the hydraulic

roughness due to the sediment-induced buoyancy effect is independent of the roughness

height z, and is proportional to the bulk Richardson number (Ri*) and the Rouse number

(,B). This roughness law was validated through analysis of the results of the 1DV POINT
MODEL (figures 3.6, 3.8 and 3.9). From these figures it can be concluded that the reduction

of effective hydraulic roughness, in section 3.3 expressed by (Ceff /\/E)—(CO/\/E) [
independent of z,. It also shows that below a certain depth there is a linear relation between

(Ceff /\/E)— (CO/\/E) and Ri,f. However the data analysis also showed that the depth-

averaged friction law of equation (3-10) is only valid up to a certain depth, i.e. h<10m.
The apparent discrepancy of the numerical results and the analytical results of the depth-
averaged friction law (equation 3-10) are a result of free surface effects. These effects arise
due to the free surface in open channel flow, which is absent in the atmosphere. The free
surface effects scale with depth so that for depths larger than h ~10 mthey become
significant. Therefore it can be concluded that, although the similarity theory is accepted by
many researchers, the atmospheric theories are not fully applicable to the stratified boundary
flow in open channels. Through application of the least square method a relation for the

effective hydraulic roughness, which is applicable to all depths was derived (equation 3-30).

In section 3.5 the size of the sediment-induced reduction of effective hydraulic roughness is
investigated. The 1DV model predicts that the effective hydraulic roughness in sediment-
laden flow decreases up to 15%, relative to clear water. If one reflects on literature it can be
concluded that this reduction predicted by the 1DV model is relatively small. Mainly reports
on field studies and laboratory experiments indicate more significant drag reduction. For
example Wang et al. [1998] indicate a reduction of approximately 50 % and report on values
for Manning’s coefficient in parts of the Yellow River of 0.01. Furthermore Vinzon and
Metha [2001] report an increase of the tidal amplitude of around 50%. However, as was

already suggested in literature (Green and McCave [1995], Toorman [2000]), the observed
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drag reduction may not be explained by sediment-induced buoyancy effects alone. It is
speculated that part of the drag reduction in nature is caused by remoulding of the bed by
very fine sediments. The reduced erosion rates in such a channel bed result in the formation
of plane bed or small ripples rather than large dunes, and therefore significantly reduce the
bed roughness. In the next chapter these findings will be validated with a (3D and 2Dh)
numerical model of the Yangtze Estuary in China.
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4  Yangtze Estuary Model

4.1 Introduction

To verify the theory on hydraulic roughness in sediment-laden flow, it is applied to a
practical case where sediment concentrations are sufficiently high to influence the effective
hydraulic roughness. For this case study the Yangtze Estuary is selected, because here
sediment concentrations are high. Data for a model set-up and calibration is available,
however limitedly. Reasonable assumptions have to be made for the absent data. For the
numerical simulations DELFT3D-FLOW is used, a software package developed by WL |
Delft Hydraulics (Appendix C).

This chapter presents the results of calibration runs for both the three dimensional model
and the depth-averaged model. As a calibration parameter for flow the Chézy coefficient is
used. 3D simulations with sediment taken into account give different results for tidal
dynamics than 3D simulations without sediment (as explained in chapter 1). However 2Dh
simulations give the same results, either with or without sediment. In traditional 2Dh
modelling stratification effects cannot be accounted for. The reduction of effective
roughness is accounted for through an afterward correction of the Chézy coefficient, to fit
the model results to the existing field data. In 3D modelling this is not necessary, because it
is already accounted for in the turbulence model, so that in 3D the Chézy coefficient simply

expresses the roughness of the bottom. The Chézy coefficients for the 3D model (with

sediment) and 2Dh model that are determined through calibration are expressed by C,j

and C,y, . respectively. For each simulation the effective roughness can be expressed by

an apparent Chézy coefficient. The apparent Chézy coefficient is the sum of different

elements, i.e.:

Calibration run 3D model: C,, « = C,, + stratification effects
Calibration run 3D model: C,p, o

2Dh model with roughness parameterisation: C,p,, = C,y, +C,
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C,p, Is the Chézy coefficient without stratification effects and C, is the surplus value of
the Cheézy coefficient determined through equation (3-30). The Chézy coefficient C,y, ,

will be further discussed in chapter 5. For clarity the definitions of the different Chézy

coefficients are summarised in table 4.1.

Apparent Chézy coefficient

Definition

CZDh

Chézy coefficient for 2Dh model without sediment effect.

C2Dh, b

Chézy coefficient for 2Dh model with sediment effect, which

is determined through the roughness parameterisation.

C2Dh,eff

Chézy coefficient for 2Dh model with sediment effect, which
is determined through calibration. The results of the 2Dh
model have been fitted to field data (e.g. tidal components,
velocity measurements) by alteration of the Chézy

coefficient.

Chézy coefficient for 3D model without sediment effect

CSD,eff

Chézy coefficient for 3D model with sediment effect, which
is determined through calibration. The results of the 3D
model have been fitted to field data (e.g. tidal components,
velocity measurements) by alteration of the Chézy

coefficient.

C,

Surplus value Chézy coefficient due to sediment effect,

which is determined through the roughness parameterisation.

Table 4.1: Overview of definitions of apparent Chézy coefficients

Section 4.2 describes the Yangtze Estuary in general, while section 4.3 describes the model

set-up for representative conditions in the Yangtze Estuary. Section 4.4 and 4.5 discuss the

calibration 3D model and the 2Dh model respectively.
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4.2 The Yangtze Estuary

4.2.1 Introduction

The Yangtze River (Changjiang in Chinese), with a length of 6380 km and a catchment-area
of 1.8 million km?, is the largest river in China. It originates from the Tibet Plateau, which is
the western part of China. After passing through nine Chinese provinces, it finally flows into
the East China Sea, north of Shanghai. The Yangtze River is the fourth sediment carrier in
the world. Its river mouth forms an immense delta. This delta receives large amounts of
riverine sediment from upstream, which has stimulated continuous land reclamations in the
past.

- Nanjing

Yangtze Estuary

““Shanghai:
»ang alfr

Figure 4.1: Satellite image of the Yangtze Estuary (Source: Google Earth)

The Yangtze Estuary is of great economic value to China; it is the entrance to the Shanghai
harbour and the main waterway for seagoing ships. Therefore channels must be kept
navigable. The prediction of sediment transport based on an understanding of its processes
is of great importance.

The presence of large amounts of sediment and the availability of field data, make the
Yangtze Estuary suitable for a case study. Figure 4.2 shows an overview of the Yangtze
Estuary with its branches and channel. Furthermore in Appendix D, figures D.2 and D.3
show the water depths within the estuary.



Hydraulic roughness in sediment-laden flow

-

North Branch

3040 m
2030 m
1020 m
710 m
5=7m
0~Em

Figure 4.2: Overview Yangtze Estuary (source: PSA meeting presentation, Hu [2006])

4.2.2 General features of the estuary

In this section important characteristics of the Yangtze Estuary concerning tidal flow and
suspended sediment transport are discussed. The Yangtze Estuary is mesotidal and the tide
is semi-diurnal, with a period of 12 h 25 min. At the mouth the maximum tidal range is 4.62
m, the average tidal range is 2.66 m and the minimum tidal range is 0.17 m (Wang [1989]).
In different seasons, depending on the tidal range, the tidal prisms of the estuary are:

Flood season, spring tide 53*10°m’
Dry season, spring tide 39*10°m°
Flood season, neap tide 1.6 *10° m’
Dry season, neap tide 1.3*10° m’

Concerning the river discharge, the following values are measured at Datong hydrologic
station (Wang [1989], Wang [1994]):

44 TU Delft
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Long term annual runoff 912 *10° m®
Long term average discharge 28 500 m%/s
Maximum discharge 92 600 m%/s
Minimum discharge 4620 m’/s

An important feature of estuaries is the type of mixing, which can be characterised by the
stratification parameter o, (Simmons [1955]). This parameter is defined as the ratio of

volume of river water coming down the estuary per tidal cycle and the flood volume, i.e.:

where Q is the river flow rate, T is the duration of the tidal cycle and P, is the tidal prism.

The classification of estuaries based on the stratification parameter «, is derived from

Simmons (1955):

Highly stratified a,>1.0
Partly mixed o, ~0.25
Well mixed a,<0.1

According to Wang [1989], for long term fresh water inflow and average tide the

stratification parameter ¢, has a value of 0.29, which means that generally the Yangtze
estuary is partly mixed. However in the flood season during neap tide (o, =2.6), highly

stratified flow occurs, while in the dry season during spring tide (o, =0.05) the estuary

becomes well mixed.

Furthermore, concerning the sediment transport in the Yangtze estuary the following data
has been collected at Datong (Wang [1989]):

Flood season, average sediment concentration 1.0 kg/m®
Dry season, average sediment concentration 0.1 kg/m®
Annual average sediment concentration 0.54 kg/m’
average annual sediment load 486*10° m’
TU Delft 4__5
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According to Chen et al. [2006] the yearly-averaged near-surface suspended sediment
concentration increases from Xuliujing to the south-east of the estuary mouth, increasing
further in the northern part of the Hangzhou Bay which is adjacent to the Yangtze estuary.
Chen et al. reported that the yearly-averaged near surface suspended sediment concentration
is 0.13 kg m™ at Xuliujing, 0.25 kg m® at Hengsha and 0.36 kg m™ at Sheshan and becomes
more than 1 kg m™ towards the north of the Hangzhou Bay. More than 90% of the

suspended sediment in the Yangtze estuary consists of fine sediment (<32 pum).

4.3 Model description

For this research a numerical model of the Yangtze Estuary is set up. The next section
describes the model set-up. The basic aspects of the model, e.g. the model grid, the
bathymetry and the boundary conditions, are derived from previous studies, i.e. Wang
[1994] and Van Ormondt [2004].

4.3.1 Geometry and topography

For the present model the grid of Van Ormondt [2004] is used, which in turn originates from
Wang [1994]. Also the initial bed level is taken from Van Ormondt. For the data that was
used to set up the initial bathymetry reference is made to Wang [1994]. As a reference level
Chart Datum is used, which is the local lowest astronomical level. For the present model it

is assumed that this is approximately 4.55 m below Mean Sea Level.

The upper limit of the Yangtze Estuary Model area is the town of Datong (640 km
upstream), which is regarded as the location where the tidal wave is completely dissipated.
The computational grid of the present model is shown in figure 4.3. Note that the upper part

of the river is modelled as a straight, prismatic channel.

Furthermore it is a curvilinear boundary fitted grid of 90(M) x 171(N) grid cells. The
averaged grid size is about 3.5 km, the maximum grid size 10 km and the minimum grid
size 1 km. The 3D model has 10 layers in the vertical. The relative layer thickness of each

layer is presented in table 4.2
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morphologic grid
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Figure 4.3: Morphologic grid of the Yangtze Estuary model

Layer number Layer thickness
(%)
19.5
16.3
13.7
115
9.6
8.1
6.8
5.7
4.8

10 4.0
Table 4.2: Relative layer thickness

O©| O N| o g & W N B+~

layerl=surface layer

layer 10=bottom layer

4.3.2 Boundary conditions for flow

At the upstream boundary the annual mean discharge of the Yangtze River is imposed,

which amounts 28500 m3/s. At the open sea boundary tidal constituents are imposed. The

TU Delft 4_7
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seaward boundary is divided in different sections. For each section a set of tidal components
is prescribed. For the data that was used to determine the tidal constituents along the

boundary reference is made to Wang [1994].

4.3.3 Salinity

At the seaward boundary, a constant salinity level of 31 ppt is imposed. At the upstream
boundary the salinity is negligible, therefore zero salinity is defined here. Gravitational
circulation, caused by salinity induced stratification, is the driving force of the salt intrusion
into the estuary. This stratification effect can only be simulated in three dimensional
modelling. Furthermore gravitational circulation and stratification-induced dispersive
transport causes extra sediment transport. In a depth-averaged model this stratification
induced dispersive transport cannot be simulated and must be compensated by increasing
the eddy diffusity coefficient relative to the eddy diffusity in 3D. Salinity-induced dispersive

transport locally affects the numerically modelled sediment distribution.

4.3.4 Sediment properties

Field data reported in literature shows that the grain size of bed material ranges from 15 um
to 125 pum, while the grain size of the suspended material ranges from 4 um to 64 um (Wang
[1989], Shi et al. [2003]; Chen et al. [2006]; He [2006] personal correspondence). The
settling velocity varies between 0.1 mm/s and 4.0 mm/s (Wang [1989], Shi et al. [2003]).

For the present study a settling velocity of w, = 0.4 mm/s is chosen.

At the upstream boundary a suspended sediment concentration of 2.0 g/l is imposed and at
the downstream boundary a concentration of 0.1 g/l. A constant sediment thickness of
0.05m and a uniform sediment concentration is used as initial condition. The present model
does not compute bed level changes. Furthermore the following parameters have been
applied both for the 3D and for the 2Dh model:

Critical bed shear stress for erosion 0.1 N/m?
Critical bed shear stress for sedimentation 0.1 N/m?
Erosion parameter 0.0001 kg/m?/s
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4.3.5 Physical parameters

The bed roughness is modelled with the Chézy coefficient. Due to the sediment-induced
buoyancy effect, the Chézy coefficient is expected to be higher for the 2Dh model than for
3D. Through calibration the exact values for the 2Dh and 3D Chézy coefficient are

determined (section 4.4 and 4.5).

In 3D the eddy diffusity has a constant value of 1.0 m2/s. To compensate for the
stratification induced dispersive transport in 3D modelling, the eddy diffusity in the 2Dh
model is 10 m?/s. The numerical time step is 2 minutes, which is small enough to ensure

sufficient accuracy.

4.4 Calibration 3D model

In the next section the results of the calibration computations are discussed. Model results
for different monitoring stations within the model area are shown in Appendix D. The
locations of the monitoring stations are shown in figure D.1. Model results are compared
with measurement data, taken from literature. However the available field data is only
limited. Furthermore the assumptions (e.g. hydrostatic pressure, no bottom update, no wind,
no waves, and annual mean discharge) may cause some discrepancy with nature. A
reasonable agreement is satisfactory. The present model simulates a period of two months
(February and March) in 2004.

4.4.1 Tidal constituents

For the calibration of the tidal constituents, model results are compared with measurement
data from Wang [1994]. For the tidal analysis the DELFT3D module TRIANA is used
(WL|Delft Hydraulics, 2005). The tidal amplitudes and phases of 10 components are
analysed, i.e., O1, K1, P1, M2, S2, K2, N2, M4, MS4 and M6. The components O1, K1, P1,
M2, S2, K2 and N2 are astronomical components, while the higher order components are

generated locally.
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The frequency of the P1 tide is very close to the K1 tide. These two components cannot be
accurately separated within two months, because the Reyleigh criterion is violated. The
same holds for S2 and K2. The Reyleigh criterion states that tidal frequencies must differ by

at least;

~ 360°
T

Af

obs

where Af is the difference between two tidal frequencies and T is the duration of the

observation. To still be able to analyse the tidal constituents P1 and K2, P1 is coupled to K1
and K2 is coupled to S2, using the statistical relation between the constituents. The coupling

relations are shown in table 4.3.

P1 coupled to K1 K2 coupled to S2
Amplitude ratio P1/K1=0.199 K2/S2 =0.573
Phase difference P1-K1 =-26.83 K2-S2 =-20

Table 4.3: Tidal coupling relations (Wang [1994]).

Table D.1 in Appendix D.1.1 shows both the measured and the computed data for the tidal
amplitudes and phases for four different locations within the Yangtze Estuary. Furthermore,
table D.1 shows the ratios of the computed to the measured amplitudes and the differences
between computed and the measured tidal phases. The closest agreement between the

observation data and model results is achieved by applying a Chézy coefficient of

110 m*?/s . This implies that the bottom of the Yangtze is very smooth.

The semi-diurnal tides of M2 and S2 have the largest amplitudes. Also K2 and N2
contribute significantly to the tidal amplitude, about 1/5 of M2 and 1/2 of S2. Due to energy
dissipation the astronomical components generally decrease from the sea boundary towards
locations more upstream i.e. from Sheshan towards Wusong and Boazhen. This is different
for the locally generated components M4, MS4 and M6. The constituent M4 increases when
the water depth decreases. This can be explained as follows. If the tidal range is large
relative to the water depth, asymmetry of the tidal wave can occur because the effects of
friction increase with decreasing water depth. Consequently the higher water travels faster
than the lower water, which results in the tidal wave becoming saw toothed in shape with a

quick rise at the beginning of the flood tide and a slow fall towards low water. This tidal
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distortion is represented by a combination of the main semi-diurnal M2 component and the
M4 with a quarter-diurnal period. Because this distortion increases with decreasing water
depth, the M4 increases significantly more upstream in the Yangtze Estuary. The overall
agreement between the observation data and the computed data is good, both for the

amplitudes and for the tidal phases.

Table D.2 shows the results of the tidal analysis of the three dimensional model with a

Chézy coefficient of 110 m*?/s without sediment taken into account. It can be seen that the
tidal amplitudes of the different components are generally smaller than those in table D.1.

The sediment effect causes larger amplitudes to occur.

4.4.2 Water level

Appendix D.1.2 shows two examples of modelled and observed water levels (figures D.4 to
D.7). The vertical axes of the different figures have different values for the water level,
because they use different reference levels. However the agreement between the computed
and measured elevations (Wang [1989], Wang [1994] and Hu et al. [2000]) is good. The

model results show a daily inequality. This inequality can also be observed in figure D.6.

4.4.3 Flow velocity

For the calibration of the flow velocity again data is used that is reported by Wang [1989],
Wang [1994] and Hu et al. [2000]. Calibration results are presented for three different
locations (figures D.8 to D.14). Comparison between computed and measured depth-
averaged flow velocities shows that the tidal current is simulated to the right order of
magnitude. Flow velocities around spring tide are of the order of 1.5 m/s, while around neap

tide velacities of typically 0.2-0.8 m/s occur.

Figure D.12 shows the results for the depth-averaged velocity for monitoring station SC of
both the three dimensional simulation with sediment taken into account and without
sediment. When sediment is taken into account velocities are slightly higher, approximately
15%. This can be explained by the sediment effect. Spring-neap tidal variations of this
sediment effect can be observed. During spring tide the sediment effect is more pronounced

than during neap tide. This may be explained by the fact that during spring tide the
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suspended sediment concentrations are higher and vertical gradients are larger (see appendix
D.1.5and D.2.5).

4.4.4 Salinity

Wang [1994] presents survey data of the salinity distribution (figure D.15). Figures D.16 to
D.19 show the model results for the horizontal distribution of salinity for different phases of

the spring-neap tidal cycle. In general the model results agree well with the data.

Salinity affects the vertical distribution of velocity. The density difference between fresh
water and salt water leads to gravitational circulation. The near-bed flow velocity is directed
landward and the near-surface flow seaward. The effect of salinity on residual velocity
profiles is illustrated in figure 4.3. Figures D.20 to D.23 in Appendix D.1.4 show vertical
profiles of velocity, viscosity, sediment concentration and salinity that are computed by the
numerical model. Profiles are plotted for monitoring station NB2, which lies within the area
of salt intrusion. It can be seen that where there is a strong vertical gradient of salinity, the
vertical gradients of horizontal velocity are larger. As was stated in section 4.2.2, during
spring tide the Yangtze Estuary is well or partly mixed, while during neap tide stratified
flow can occur. This is reflected by the salinity profiles in figures D.20 to D.23. Figures
D.22 and D.23 show that, due to gravitational circulation, water in the lower region flows in

opposite direction than water in the surface region.
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Figure 4.3.b: Salinity effect on velocity. Residual flow profiles due to landward flow (gravitational circulation)

and seaward flow (ebb current and/or fresh water outflow)

4.4.5 Sediment

There is only a small amount of experimental data on suspended sediment concentrations in
the Yangtze Estuary. He [2006] gives a rough indication of the spatial distribution. Wang
[1989] presents time series of the depth-averaged concentrations for several locations within
the estuary. In figures D.24 to D.43 observation data are compared with model results for

four different stations.
According to observations in the South Channel (figure D.24) concentrations range from 0.5

g/l to 2 g/l, while the model computes sediment concentrations of 0.5 g/l to 5 g/l. For the

North Channel and South Passage these values are of the same order. Very close to the
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bottom high concentrations of suspended sediment can be observed. This is reflected by the
concentration peaks (up to 30 g/l) in figures D.28, D.33, D.38 and D.43. Generally the
model computes slightly higher sediment concentrations than measured. The overall

agreement is reasonable.

Furthermore the model results show significant vertical gradients of suspended sediment. It
is assumed that where there are large vertical concentration gradients, the effects on the
effective hydraulic roughness are also large. It should be noted that both the concentrations
of suspended sediment and the vertical gradients are overestimated by the model and

therefore also any sediment-induced buoyancy effect.

Chen et al. [2006] report an increase of the sediment concentrations from locations upstream
to locations downstream, i.e. from Xuliujing, via Sheshan, towards the Hangzhou Bay. This
qualitative description is also valid for the distribution of suspended sediment that is
computed by the Yangtze Estuary Model. Figure D.44 shows observation data from He
[2006] (personal correspondence). It is not clear for which tidal phase, discharge or layer the

data holds. Therefore it must be used for a qualitative comparison only.

From comparison between observation data (Wang [1989], Chen et al. [2006], He [2006])
and numerical results it is concluded that the horizontal distribution of the suspended

sediment is simulated adequately.

4.5 Calibration 2Dh model

In this section the calibration of the depth-averaged model of the Yangtze Estuary is
discussed. As calibration parameter for flow again the Chézy coefficient is used. The depth-
averaged model has one computational layer. In definition, the 2Dh model does not account

for stratification effects. Through calibration the Chézy coefficient for the depth-averaged

model (C,p,, . ) is determined.

4.5.1 Tidal constituents

Tables D.4, D.5 and D.6 show the results of tidal analyses with Chézy coefficients of

110 m*?/s, 120 m**/sand 130 m*?*/s respectively. From these analyses it can be
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concluded that the closest agreement between computed and measured data is reached for

Cooner =130m*¥?/s.

4.5.2 Water level

From analysis of the computed (figures D.53 and D.54) and observed water levels it can be

concluded that model results agree well with measurement data if a Chézy coefficient of

130 m*¥?/s is assumed.

4.5.3 Flow velocity

Appendix D.2.3 shows the model results for the depth-averaged velocities for different

locations. The agreement with the observation data is good. Furthermore figures D.56 to

figure D.63 show the results of the 3D simulation with C,, =110 m*?/s (black line), the
2Dh simulation with C,g, o =110 m*?/s (red line) and with C,g, . =130 m*?/s (blue
line). It can be seen that the 2Dh model results for C,,, . =130 m*?/s are closer to the 3D

model results than the 2Dh model results for C,y, . =110 m"?/s. The 3D model can
compute the sediment-induced buoyancy effect, while in 2Dh this effect is accounted for

through alteration of the Chézy coefficient. The 2Dh model with C,,, .« =130 m*?/s and

the 3D model with C,, =110 m*2/s give similar results for the depth-averaged velocities.

4.5.4 Salinity

Figures D.64 to D.67 show the 2Dh model results for the horizontal distribution of salinity
for different phases of the spring neap tidal cycle. The effects of gravitational circulation
and stratification-induced dispersion cannot be computed by the 2Dh model. To compensate
for these effects a higher value for eddy diffusity is applied for the 2Dh model than for 3D
model, i.e. 10 m¥s and 1 m?s respectively. However still there is a clear difference between
the 2Dh model results and the results of the 3D model (Appendix D.1.4). In the 3D
simulation the sea water further intrudes into the estuary and the salt concentrations

decrease more gradually from the sea boundary towards the river mouth. In the 3D
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simulation the salt intrusion reaches up to the entrance of the North Branch, while in 2Dh
salt sea water is not coming close to this area. In 3D modelling the stratification induced
dispersive transport and the density driven flow influence the distribution of the salt and
sediment concentrations. The agreement between the 2Dh model results and the survey data

(Wang [1994]) is reasonable, however the 3D model results lead to a better agreement.

4.5.5 Sediment

Appendix D.2.5 shows time series of the depth-averaged suspended sediment concentrations
for different stations. 2Dh modelling gives similar results as 3D. Again the concentrations
are generally higher than measured. Concerning the horizontal distribution of suspended
sediment, the qualitative agreement with the measurement data of He [2006] is reasonable.
Furthermore differences can be observed between the horizontal distributions simulated in
3D and those simulated in 2Dh. In 3D the sediment is more spread out over the area than in
2Dh. Various processes can cause these differences, amongst which are gravitational

circulation, salt-induced dispersive transport and sediment-induced buoyancy.

4.6 Discussion

In this chapter a three dimensional numerical model and a depth-averaged model of the
Yangtze Estuary were calibrated. For the numerical simulations DELFT3D-FLOW was
used. The tidal propagation and the properties concerning salinity and sediment were well

simulated by both models.

Through calibration it was shown that the tidal propagation in 3D modelling agrees well
with measurement data for a Chézy coefficient of C,; =110 mj/z/s. This implies that the
bottom of the Yangtze Estuary is very smooth. Calibration of the 2Dh model resulted in a
value for the Chézy coefficient of C,, =130 m¥?/s. So the Chézy coefficient for 2Dh is

higher than for 3D. The surplus value compensates for the apparent smoothing due to

sediment-induced stratification.

The results of the calibrations indicate that the reduction of effective hydraulic roughness in

sediment-laden flow cannot be explained by the sediment-induced buoyancy effect alone.
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The initial low value of the bottom roughness may be explained by the fact that the presence
of suspended sediment smoothens the bed, so that bed forms are small.

Furthermore it is noticed that the salinity induced stratification in the 3D simulation, leads to
gravitational circulation and stratification induced dispersive transport. Locally this
influences the distribution of suspended sediment.

TU Delft 4—17
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5 Application roughness parameterisation to

Yangtze Estuary Model

5.1 Introduction

In this chapter the depth-averaged effective roughness parameterisation for sediment-laden
flow is validated by applying it to the Yangtze Estuary. The suspended sediment effect varies
in time and space, because the amount of suspended sediment, the water depth and the
velocity vary in time and space. The sediment effect not only varies over a tidal cycle, but it
also varies over a larger time scale, i.e. over a spring-neap tidal cycle. However for this case
study sediment induced reduction of hydraulic roughness is assumed, which is constant in
time and the same for the whole estuary. The reduction of effective hydraulic roughness in

the Yangtze Estuary is determined through equation (3-30).

In the next sections C,p, ,, which is the sum of C,,, and C,, is computed for two cases.

In case | C,, , is determined for a relative smooth bottom (C,,, =110 m¥?/s), as was
suggested for the Yangtze Estuary in chapter 4, and in case Il for a more rough bottom
(Cyon, =90 m"2 /s ). The sensitivity of the buoyancy effect to a change in bottom roughness

is investigated.

5.2 Casel

In chapter 3 it was concluded that the bottom of the Yangtze Estuary is relatively smooth. In
Case | the buoyancy effect in sediment-laden flow over this relative smooth bottom is
computed. The values of the input parameters for equation (3-30), that are used here are

typical for the Yangtze Estuary. First a mean water depth of h=15m is assumed.
Furthermore the mean suspended concentration c=20 g/l and the settling velocity
w, =0.4 mm/s. The tidal mean value of the absolute depth-averaged velocity can be

derived as follows:
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where H is the absolute velocity averaged over depth and over the tidal cycle. From

Appendix D.1.3 and D.2.3 it can be seen that U~1.4mis averaged over a spring-neap
tidal cycle, so that:

ﬁ =£><1.4 =0.90 m/s
T

It is assumed that the difference between the Chézy coefficient of the 3D model and the

Chézy coefficient of the 2Dh model can be attributed mostly to the sediment-induced

buoyancy effect, so that C,, . ~ C,p,. This leads to the following derivation of the

roughness height:

C,o, =18 Iogllf—h (equation 2-30), so that

S

k,=1.39-10"m, and

Z, :g—a =4.65-10° ~5-10°m

Figure 5.1 shows the results of the 1DV POINT MODEL for the above settings. The

effective roughness (Ceff / \/E ) is plotted against (Ri,S).

The 1DV model shows that under these conditions the vertical turbulence field collapses

after time of relaxation. Saturation concentration is Csx = 0.8 g/l. The parameter values are

averaged in time and space. In an estuary hydraulic conditions change significantly in time
and space, so that actually the collapse of turbulence will not occur instantaneously under
these conditions. However, still these conditions are outside the scope of application of

equation (3-30), because the under these conditions the velocity profile is no longer
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logarithmic and thus the concentration profile cannot be described by a Rouse profile. The
reduction of hydraulic roughness can be determined up to saturation. According to friction

law the Chézy coefficient at saturation is:
Coonp =39.2:4/9.81=122.9 m*?/s

The effective hydraulic roughness decreases about 15% relative to clear water. The different
curves in figure 5.1 indicate the sensitivity of the effective hydraulic roughness to changes

of the parameter values. If a mean depth of h=10m is assumed, the concentration at

saturation is Csx =1.4 g/l and the Chézy coefficient is:
Cyonp =40.0-4/9.81 =125.3m"?/s

Because it is assumed that the difference between C, ¢ and C,p, o is mostly due to the

sediment-induced buoyancy effect, C,,, , = C,, .« Would supports the applicability of the

depth-averaged friction law to the Yangtze Estuary. Calibration of the 2Dh model showed

that Copner =130m¥?/s, while C,y,, #123m*?/s and C,,, ~125m*?/s for

h=15m and h=10m respectively. The 1DV model indicates that for concentrations
above saturation the effective hydraulic roughness decreases further, however not in
accordance with equation (3-30). The results of this case study support the validity of the

depth-averaged friction law within its scope of application.



Hydraulic roughness in sediment-laden flow

Chézy = 123.3 m*s!

[ chezy= 1228 mrgt |- opoo Y

Figure 5.1: Chézy coefficients for case |

5.3 Casell

While the calibration runs showed an optimal agreement with measurement data for
Coper =110 mj/z/s , reasonable results were obtained for C, « =90 mj/z/s . This can be
seen from table D.3. Case Il considers the fictitious situation of a bottom roughness of

C,on =90 m”z/s for the Yangtze Estuary. This results in the following value for a

roughness height:

C,o, =18 Iogllf—h (equation 2-30), so that

k,=1.8-10°m, and

Zy :§—6=6.106m

Furthermore h=15m, ¢=2.0 g/, w, =0.4 mm/s and |u|=0.90 m/s.
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Again 2.0 g/l is above saturation. However a flow over this rougher bottom can carry more

sediment than the previous case. The saturation concentration is Csx =1.3g/l, so that the

maximal Chézy coefficient up to saturation is:
Coonp =32.9-1/9.81 =103.0 m*?/s
The effective roughness decreases approximately 15 % relative to clear water. However the

Chézy coefficient of case Il, computed by the parameterisation, does not come close to

Coonerr =130 mw/s, as was calibrated for the 2Dh model.

Chézy = 103.0 m*s!

L |l 1 L
aos ar o a2 0

Figure 5.2: Chézy coefficients for case Il

5.4 Discussion

In this chapter the parameterisation was applied to the Yangtze Estuary Model. The values
of the relevant parameters (G, Z,, h, w, and E) that were used for the friction law are

typical for the Yangtze Estuary. Two cases were considered. Case | assumed a smooth
bottom for the Yangtze, as was suggested by the results of the 3D calibration. Case Il
considered a rougher bottom. The 1DV model showed that in both cases the vertical
turbulence field collapsed after relaxation time. However, the depth-averaged friction law is

only valid for conditions before collapse. Therefore, the reduction of effective roughness
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was computed for concentrations up to saturation. It was found that when the roughness
parameterisation is applied the results of case | compared better to the results of the

calibration than the results of case II.

As has been explained before, a depth-averaged model cannot account for the buoyancy
effect while a three dimensional model can. This makes 2Dh modelling intrinsically less
accurate than 3D. For the calibration of the 2Dh model this buoyancy effect was

compensated by a higher value for the Chézy coefficient. Therefore the difference between

the value of C,, ¢ (= C,y,) and C,p, o can be interpreted as an indication for the size of

the error in 2Dh modelling due to the buoyancy effect. The size of the error for the Yangtze

model is approximately C,p, « —C,p, =130-110=20 mj/z/s. In case | the application
of the roughness parameterisation resulted in an effective roughness coefficient of
Coonp ®125 mm/s. This results shows that if the parameterisation is applied the error is
reduced to C,p e —Coppp =130-125=5 m”z/s. This means that the roughness

parameterisation reduced the buoyancy-induced error by 75%.

The results that were presented in this chapter showed that the 2Dh model becomes
considerably more accurate by accounting for the sediment effect through the application of

depth-averaged roughness parameterisation.
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6 Discussion

In this chapter the results of the research as a whole are discussed. For specific discussions
on the different elements of the research, the reader is referred to the relevant sections of

chapters 2 to 5.

6.1 Roughness parameterisation

In this study a depth-averaged friction law for sediment-laden flow was derived. This
friction law was based on theories that are commonly used for the earth’s atmosphere, as
this was demonstrated by previous studies to be promising. Herein it was assumed that
sediment-laden flow is a stratified flow, which provides a physical background for the
parameterisation of the effective hydraulic roughness because the sediment-induced
stratification suppresses turbulence mixing. As a result, the concentration and velocity

profiles change relative to clear water flow and the effective hydraulic roughness is reduced.

The following parameterisation for the effective hydraulic roughness in sediment-laden flow

was analytically derived in chapter 3 (equation 3-10):

et{efaf et

This parameterisation shows that the buoyancy effect is proportional to the bulk Richardson
number (Ri,) and the Rouse number ( B). Next the 1DV model was used to analyse this

roughness parameterisation. The experimental results confirmed the validity of the above
equation, however only up to a certain depth. For larger depths it shows a discrepancy with
the results of the 1DV model. This can be explained by free surface effects in open channel
flow. A free surface is absent in the atmosphere and therefore these effects are not taken into
account in the atmospheric theories that were used to derive of the friction law. Because the
surface effects scale with depth, they are only noticeable for larger depths. In the surface
layer viscosity is low and turbulent mixing is limited. This can result in a collapse of the
vertical turbulence field there, which causes a large gradient of the sediment concentration.

The Rouse profile that was used to derive equation (3-10) is not valid for large depths. Due
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to a strong concentration gradient near the surface, the stratification effect is intensified, so
that the effective roughness is reduced more for larger depths. The discrepancy of the
friction law with the 1DV model indicated that the atmospheric theories are not fully
applicable to stratified shallow water flow. Previous studies that used the similarity theory,

of which the author is aware, do not report on these free surface effects in sediment-laden

flow. To account for the free surface effects, the coefficient K, and m were made

dependent on the water depth. The 1DV model predictions were well simulated by the

depth-averaged friction law, with the free surface effects included through the coefficients

K, and m. However K, = f (h) and m= f (h) were determined experimentally, so that

the challenge remains to find a parameterisation for these coefficients that is based on the

physical background, i.e. the actual concentration profiles.

6.2 Significance of the sediment effect

In chapter 1 it was hypothesised that damping of turbulence due to sediment-induced
stratification is significant and this will result in a significant decrease of the effective
hydraulic roughness. Analysis of the 1DV data showed that the buoyancy effect is limited,
but enough to significantly reduce the effective hydraulic roughness. The results suggested
that the reported extremely low values for the hydraulic roughness in nature (e.g. Wang et
al. [1998], Vinzon and Metha [2001]), can only partly be attributed to damping of turbulence
due to sediment-induced stratification. It is speculated that due to the presence of very fine
sediment the channel bed is smoothened and bed forms are small. This implies that the
buoyancy effect only contributes a limited proportion to the reduction of the hydraulic
roughness in sediment-laden flow. According to the results of the 1DV model, the effective

hydraulic roughness decreases approximately 15% relative to clear water.

6.3 Yangtze Estuary Model
The parameterisation was validated by applying it to a numerical model of the Yangtze

Estuary. The 3D and the 2Dh model were calibrated for C,, . =110 m*?/s and

Coonerr =130 m"? /S respectively. This indicates that the bottom of the Yangtze Estuary is

very smooth even without the buoyancy effect, and that the buoyancy effect decreases the

effective roughness further. Sediment concentration levels were even exaggerated slightly,
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to exemplify the buoyancy effect on flow behaviour. These findings support the supposition
that the observed drag reduction cannot be explained by sediment-induced buoyancy effects

alone.

The results of the case study were encouraging. Within the scope of applicability the
reduction of the effective hydraulic roughness due to buoyancy destruction was of the same
order as was indicated by the calibration runs. The roughness parameterisation reduced the
buoyancy-induced error in 2Dh modelling by 75%. From this case study it can be concluded
that in a 2Dh model the sediment-induced buoyancy effect was effectively accounted for by
a correction of the hydraulic roughness. The 2Dh model results become more accurate by
accounting for the sediment effect through the application of depth-averaged roughness

parameterisation.

The Yangtze Estuary is known as a morphologically very active area. However in the
Yangtze Estuary model morphological changes were not taken into account. Byun and
Wang [2005] report on significant effects of the sediment-induced stratification on the
spatial extent of deposition areas and erosion rates in a region on the southwest coast of
Korea. This indicates that the presence of suspended sediment also affects morphodynamics.
If morphological changes would be included in a numerical model, the application of the
roughness parameterisation may establish also more accuracy in 2Dh modelling within the
field of morphology. For further research it is recommended to take morphology into

account and to investigate the effect of buoyancy on morphological changes.

In this case study the sediment effect was assumed to be constant in time and space.
However the relevant parameters, (e.g. sediment concentration, water depth and velocity)
are highly variable. Therefore it is expected that in nature the effective roughness varies in
time and space. The variability of the roughness coefficient due to sediment-induced
buoyancy is confirmed by the report of Green and McCave [1995]. This variability of the
effective roughness can be accounted for by implementing the roughness parameterisation
in the numerical code of DELFT3D. In this way, a continuous update of the effective
roughness with feedback to hydrodynamics and sediment transport is realised. Because this
may reduce the difference between 3D and 2Dh modelling even further, this implementation

is recommended for future research.

Important to notice is that the depth-averaged friction law is valid for conditions up to

saturation. In the present study saturation was defined as the critical condition and sediment
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concentration above which the vertical turbulence field collapses. The 1DV model showed
that for conditions, commonly found in the Yangtze Estuary, after some time of relaxation
the turbulence field collapsed. However estuarine areas like the Yangtze are highly
hydrodynamically variable. Thus, in reality sediments will not have the time to settle and the
collapse of turbulence will probably not occur, because the relaxation time has not passed.
However for these conditions the roughness parameterisation is not valid, which limits its

scope of applicability.

6.4 3D versus 2Dh

Depth-averaged models are more practical with respect to the necessary computational
resources than full three dimensional models. However, a depth-averaged model is less
accurate than a three dimensional model, because stratification effects cannot be taken into
account. This concerns not only sediment effects but also salinity-induced stratification
effects. These salinity-induced stratification effects (i.e. gravitational circulation and
stratification-induced dispersive transport) cause significant differences between 2Dh and
3D simulations locally within the model area, as was shown in sections 4.4.4 and 4.5.4.
Because of this, the buoyancy effect will be different in 3D and 2Dh, so that if the
parameterisation is implemented in 2Dh this will not exactly simulate the buoyancy effect in
3D. An interesting topic for further research is to investigate the effect of salinity-induced
stratification on the sediment effect and on tidal dynamics in general. Including the effects

of salt in 2Dh modelling may increase the accuracy of the model predictions even further.

6.5 Possible consequences

The calibration of the 3D model showed that in nature the bottom of the Yangtze Estuary is
initially very smooth and that the buoyancy effect contributes to the apparent smoothness.
This can be an interesting fact for river engineers. In literature researchers express their
concerns on a drastic decline in supply of suspended sediment from the Yangtze River to the
estuary during the past decades due to human activities, e.g. dam construction (Yang et al.
[2004, 2005, 2006]). This decline has far reaching consequences on the morphological
development of the Yangtze Estuary. Decrease of the accretion rate of the outer delta has
already been observed. With the completion of the Three Gorges Dam and more
construction projects at hand (e.g. the South-to North Water Diversion Project) erosion of

the outer delta is likely to occur in the future (Yang et al. [2002]). An increase of the
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hydraulic roughness due to a decrease of sediment concentrations will probably worsen the
problem. In this research it was speculated that the low roughness values are only partly due
to buoyancy destruction, while the greater part may be attributed the absence of bed forms
in sediment-laden flow. If this is the case, then the increase of hydraulic roughness in the
Yangtze Estuary due to trapping of sediment by the Three Gorges Dam upstream may arise
with a certain delay. This will probably result in a slower downstream propagation of floods,
and also in increasing water levels at equal discharge. The decrease of the buoyancy effect
may be noticeable immediately after construction of the dam, while the increase of the
bottom roughness may take some time. It is therefore recommended that the morphology in
the part of the Yangtze that is downstream of the dam is closely analysed in the period
before and after building of the dam. This event is a unique opportunity to verify whether a
rather abrupt change in suspended sediment supply yields a change in bed morphology on a
longer timescale. These findings will be valuable for a closer understanding of the effect of

fine sediment on actual bed roughness.
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7 Conclusions and recommendations

Many studies reported in literature study show an appreciable effect of suspended sediment
on turbulent properties at already moderate sediment concentrations. In the present study the
suspended sediment effect was defined as the effect on flow behaviour due to sediment-
induced buoyancy destruction. Buoyancy destruction reduces the effective hydraulic
roughness. However no theoretically accepted, justifiable parameterisation for effective
hydraulic roughness in turbulent sediment-laden flow exists to date. Therefore the effect of
suspended sediment on tidal propagation in estuaries could not be accounted for in 2Dh
modelling, which has a negative effect on the reliability of the 2Dh model predictions. The
objective of this research was to parameterise this effect in order to improve the

performance of a 2Dh numerical model.

By applying the similarity theory and taking into account the free surface effects, the

following roughness parameterisation was derived:

r_1 In{ﬁ}—l +(0.76h1'45)(Ri,,,8) foor h<10m
U x| (7]

T o1/ h 1 145\ /e L3

—== In{—}—l +(0.76h"*)(Ri. ) for ~ h>10m
U x| [z

Numerical experiments with the 1DV POINT MODEL validated this depth-averaged
friction law. From these experiments it can be concluded that the sediment-induced
stratification results in a significant reduction of the effective hydraulic roughness. However
the size of the buoyancy effect as indicated by the numerical experiments is small compared

to the integral effect in nature that is reported in literature.

The parameterisation was applied to the Yangtze Estuary. Calibration showed that the
bottom of the Yangtze Estuary is very smooth even without the buoyancy effect, and that
the buoyancy effect decreases the effective roughness further. The 1DV and the DELFT3D
model showed that the sediment-induced buoyancy effect can effectively be accounted for
by a correction of the roughness coefficient. For the Yangtze Estuary the buoyancy effect

was properly simulated by the depth-averaged roughness parameterisation. The inaccuracy
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in2

Dh modelling due to the sediment effect was reduced by approximately 75%. From the

present study it can be concluded that a depth-averaged model becomes more accurate

through application of the roughness parameterisation.

The conclusions of this research show that the application of a parameterisation for

buoyancy effects in a depth-averaged model produces promising results. Several other

issues can be investigated in order to increase the reliability even more. These issues were

addressed in chapter 6 and are summarised below.

The recommendations for further research include:

Implement the parameterisation into the numerical code of DELFT3D, so that the
effective hydraulic roughness is continuously updated with feedback to hydrodynamics
and sediment transport.

Apply the depth-averaged friction law to other estuarine areas than the Yangtze Estuary
to investigate its general applicability. It is recommended to apply it to a model area for
which there is abundant calibration data, so that the improvement of the model
performance as a result of the implementation of the roughness parameterisation can
accurately be determined.

Investigate all effects of depth averaging, amongst which the salinity induced
stratification effects. Subsequently determine the impact of integration over depth on the
accuracy and applicability of the depth-averaged friction law.

Study the free surface effects and parameterise them on the basis of their physical
background, for example by using the appropriate concentration profiles.

Further investigate the effects of very fine sediment on the actual bottom roughness.
Investigate the effect of sediment-induced buoyancy on morphological changes
simulated in 2Dh.

It is recommended to monitor the morphological development of the Yangtze Estuary
after closure of the Three Gorges Dam in order to create a better understanding of the

sediment processes.

If these recommendations are pursued, the results will lead to significant improvements in

the

reliability of depth-averaged modelling. These improvements will make the 2Dh model

a powerful tool for fast and reliable analysis of large estuarine areas.
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A Solution to equation (3-4)

This appendix describes the details of the solution to equation (3-4) in section 3.1.2.

Equation (3-4) reads:

h m  h m mp
KgA—— KgA KgA m
dz ——w'c'z} =|dz Wcezr = W dz{cz A-1
{ {alpus } { {alpus S } [al : jj et e

I* * pu* 0

Equation (3-5) can be rewritten as follows:

c(z)= CSini;‘ﬁ} [1;/?' jﬂ =, (%)ﬂ (1_%jﬂ (A-2)

Substituting equation (A-2) into the integral term of (A-1) yields:

ey =<1 (1) e -
_ cghmidz{(ﬁjmw) (1_%jmﬁ} )
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where I' = gamma function (N.B. I'(1) = 1).
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For p<<1and m g <<1, (A.3) reduces to:

h
m 1 =M}, M+
[dz{cz} D)’ hm™ (A-4)

Substituting equation (A-4) into equation (3-4) leads to equation (3-7), which gives an
expression for the term for the reduction of the effective hydraulic roughness, i.e.:

K, (Ri,B)".
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B The IDV POINT MODEL

The 1DV POINT MODEL was developed on the basis of DELFT3D-FLOW, the software
system of WL | Delft hydraulics to simulate the water movement and transport of matter in
three-dimensions, by stripping all horizontal gradients, except the horizontal pressure
gradient. This model was originally developed to study the implementation of the k —¢&
turbulence model in DELFT3D-FLOW by Uittenbogaard et al. [1992] and Van Kester
[1994]. Later, the model was extended (Uittenbogaard [1995]) by incorporating the effects
of temperature-induced stratification. The version that is used as a basis to implement the
various physical-mathematical formulations derived in the present study, was developed by
Uittenbogaard et al. [1996].

In Section B.1 the various mathematical-physical formulations of the relevant processes are
presented. Section B.2 contains information on the numerical implementation of the

equations, and in Section B.3 numerical accuracy aspects are presented.

B.l The IDV equations for sediment-laden flow

B.l.I Water movement

ou lop 0 au 75} 1 27
——= + -= (B-5)

—+ —| (Vv )—+=
ot pox oz oz p| p b
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where: 7
b = flow width
s : . =
T, = inter-particle stresses
d |-
Ty = side wall friction
g
%

The last term in (B-1) is added to account for side wall friction effects in case of simulating

the flow in a confined channel (laboratory flume) of width b . The bed or lower boundary

condition is defined at z =z, , and the water surface at z =z(t) . Hence, the water depth
h=2z, -z, . Note that in DELFT3D the following convention is used: z, =d +z(t); d

and z, are given with respect to a horizontal reference plane. It is noted that by omitting the

horizontal advection terms, it is implicitly assumed that the Froude number of the flow is
small, which is generally the case in tidal flow. Also the vertical velocity component W is
neglected, which is small with respect to the horizontal component u . However, W may be
of the same order of magnitude as the settling velocity in converging or diverging flow, for
instance over a spatially varying bed. Hence, it should be assumed that the bed is flat and
horizontal in the applications with the 1DV POINT MODEL. Vertical velocities induced by
variations in water level with time, induced by tidal movements, for instance, are accounted
for through the application of the o -transformation (equation B-36). The pressure term in

equation (B-1) is adjusted to maintain a given, time-dependent depth-averaged velocity:

i@zrs—rb Jru(t)—uO(t)

(B-6)
p aX ph Trel
l Z ' '
u(t):ﬁj.zmu(z ,t)dz (B-7)
where:

= relaxation time (see also Appendix B.3)

<
S)
1

desired depth-averaged flow velocity
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apparent roughness height

surface shear stress
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A quadratic friction law, satisfying the log-law, is used:

ku(z, +%Az,)

T, = PlUsy|Usy ; Usy = (B-8)
b =Pl B In(l+ %Az, /z,,)
where:
The boundary conditions to equation (B-1) read:
ou
T, = vV+v, ) —+7 B-9
b {p( t) az xz}Z=Zb ( )
ou
t,=1p(v +Vt)E+TXZ (B-10)

B.1.2 The mass balance for suspended sediment

The transport of sediment is modelled with the advection-diffusion equation for various

fractions numbered by the superscript (i):

R T Y o
—— =t - —3(DP + 06" ) =—1=0 B-11
ot 82{S }az(S t)az (41
with
. (1-¢.)(1-
w§')=w§'3—( 4)(1-4,) (B-12)
" (1+2.5¢)
to account for hindered settling
where
c® = sediment concentration by mass for fraction (i)
B-3
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D, = molecular diffusion coefficient for sediment (equation B-14)
W, = settling velocity of individual particle (see equation B-21)
I, = eddy diffusivity (see also equation B-17)

The volumetric concentration of mud flocs ¢, and the volumetric concentration of their
primary particles q)p are related to the mass concentration ¢ and sediment density p,

through:

Cgel
and
Z(i) C(i)
S (B-14)
Ps
where
Cel = gelling concentration (see also equation B-20)
o, = min {1, ¢}
At the water surface and the bed the boundary conditions read:
i) (i oct)
{wic} =0 {( D, +T, )_82 } =0 (B-15)
and
- oc®
WOl =, {( D, +T, )8_} =0 (B-16)
7=, ! 7

At the rigid bed z =z, the classical formulae of Partheniades and Krone is applied:
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E,. =-wW c“)S(l— oL ) +M (i)S(Oe(i) —1) (B-17)
in which:

M = empirical erosion parameter

0, = non-dimensional threshold shear stress for deposition: 6, =17, /z,

0, = non-dimensional threshold shear stress for deposition: 8, =7, /7,

Ty = threshold shear stress for deposition

T, = threshold shear stress for erosion

S(x) = ramp function: S =x for x>0and S=0 for x<0

The molecular diffusion term Dy is given by:

kT
D, =2 (B-18)
67uD

in which k,is the Boltzman constant (= 1.3810%° J/K) and T, is absolute water

temperature. The influence of the suspended sediment concentration on the bulk fluid

density is given by the equation of state:

p(s.c) =pW(S)+Z{1—p"ET()S)}C“)} (B-19)

where p,, (S) is the density of the water due to salinity only.

B.1.3 The k—¢ turbulence model

The k —¢ turbulence model consists of transport equations for the turbulent kinetic energy

k and the turbulent dissipation ¢, neglecting horizontal transport components:

TU Delft B_5
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2
a—kzﬁ{(v+vt)a—k}+vt (@J +gl“ a—p—g (B-20)
ot oz 01 01

2 2
%zg v+ Vt 6_8 +C15 ivt (@j +(1_C36)grt ﬁa_p_Cng_ (B'21)
ot oz ol )oz k "\oz p koz k

The various coefficients in the standard k —¢ turbulence model are summarised in table
B.1:

stable unstable
Cu Cls CZE o-t o-s K CSE CSE
0.09 1.44 1.92 0.7 1.3 0.41 1 0

Table B.1: Coefficients in standard K — & turbulence model

The model is subject to the following set of boundary conditions:

where z,. is the roughness length for current and waves. When no waves are present

Z,.. = Z,, Which is the well-known roughness length for flow only. The effect of surface

waves can be accounted for by the 1DV POINT MODEL. However the effect of waves is
out of the scope of this research and is not taken into account in the simulations of the 1DV

model. For details on the effect of surface waves reference is made to Winterwerp [2000].

B.1.4 The flocculation model

The flocculation model, as implemented in the 1DV POINT MODEL, contains the

following set of equations:

B_6 TU Delft
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ot oz\  (1+25¢) Ca\ e

oN 8((1‘@)(1‘%)%@ a(r a—Nj

(B-22)

2nf -3
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where

a,, = break-up efficiency parameter

D, = diameter of mud flocs

D, = diameter of primary particles

e, = efficiency coefficient for coagulation

€4 = efficiency coefficient for diffusion

F, = yield strength of flocs

G = dissipation parameter: G =,/(&/v)

ky = flocculation parameter: k, =1.5e .7 e,
Kg = floc break-up parameter: kg = aebD;p(uS /F, )q

1

k, = (05 /tp, )

N = number concentration of the mud flocs

n, = fractal dimension

[oF = empirical coefficient: p; =3—-n;

q; = empirical coefficient: g, = 0.5

7 = dynamic viscosity of sediment suspension

The relation between the number concentration N , the mass concentration ¢ and the floc
diameter D, , and between the volumetric and mass concentration ¢ and C is given by

simple algebraic relations:

N=—1Cprip (823

fo ps

TU Delft B_7
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3-n,
¢= Ps—Py | C _C R (B-24)
Pi=Pu)Ps Ps| D,

where fis a shape factor and p; is the floc density. Note that the gelling concentration C,

is obtained for unit volumetric concentration, i.e. ¢ =1, yielding:

3,
— Dp
Cgel = Ps |:_:| (B-25)

The relation between the floc size D and the settling velocity w, = for a single particle in

still water is given by:

n, 1
T fsed (ps _pw)g D3*”f D (B-26)

188 " 1+0.15Re "™

where f ., is a shape factor for sediment and Re, is the particle Reynolds number:

Re, = WS‘rD/V. The evolution of the settling velocity in the 1DV POINT MODEL is

obtained by a simultaneous solution of (B.18) and (2-19), thereafter the floc diameter D

and the settling velocity w; . are obtained from equation (B-19) and (B-22), using equation

(B.20) to establish the fractal dimension n;, together with the following boundary

conditions, split again in 2x2 equations:

W) =0 {(DSH“t)aa—’;I} ~0 and
; = (B-27)
N
{WSN}|Z=Zb = Eb,N ; {(Ds +Ft )8_} =0
z 7=1,
and
1-0¢.\1—

= :—L(qu)werS(l—é?d )++S(6’e ~1) at z=1, (B-28)

' (l+ 25¢) ' stepf,e
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where z, is the bed level and z, is the level of the water surface. The equilibrium floc

diameter D, and the equilibrium floc density p; ., are given by:

e p
ke VG ©.29)

(B-30)
with:

ky=0.75¢e.7 e,/ p,D,
kg =Kkg /N

The model contains the following empirical parameters: a,,, €.e,, Dp, Fy, fs, Ny,

nfz, P and 9 which have to be specified by the user through the input to the model.
B.1.5 The consolidation model

The consolidation model, as implemented in the 1DV POINT MODEL, contains the

following set of equations:

oc 0 0 ». \OC
———(E,c)——|\D, + T, +¢T, )— |=0 B-31
2, E:C) 62[(5 +¢ c)azj (B-31)
Where:

B-9

WL | Delft Hydraulics



Hydraulic roughness in sediment-laden flow

hs = Ws r W, and (B-32)
f. k%%
F o KK,
(3_nf )gpw
(%)
k=K,9,
=)
pS:|<p¢p

At the water surface and the bed, the boundary conditions read:

{Eel,, =0; {(DS +T, +¢2T, )%} =0 and
o (B-33)
B}, =0; {(DS +T, +¢7T, )%} =0

The stress tensor 73, for consolidating fluid mud is given by the following rheological

model:

a7y

1+a,|ou/a] TH (39

ou .
Tiz = Hmug E with Huwg =

where a,is a coefficient (a, = 0.02 implies 7}, =0.95¢, for ou/6z=10"°s™).

Furthermore the parameters u° and 7, are defined as:

put =K, ¢, and

B_10 TU Delft
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3

_ T
Ty = Ky¢p

The empirical parameters K,, K, K,, K, n.and n have to be specified by the user

u!
through the model input: n_ can vary between about 2 and 6 for various muds. Through the

formulation of (B-30) for u,, it is ascertained that is defined for all values of the shear

rate. The eddy diffusivity at the water-mud interface is set to zero when the yield strength of

the mud exceeds the turbulent stress:

B.2 Numerical implementation of the I DV equations

In the 1DV POINT MODEL we apply a simplified version of the so-called O -coordinate

transformation:

0_190 ih o Eis(t); h=2(t)-2, (B-35)
0z hoo h

This implies that for a conserved constituent, like suspended sediment, the depth-mean
sediment concentration remains constant with varying water level. However, the total mass,
integrated over the water column, is not conserved. The equations are solved on a staggered
grid. The vertical grid size distribution does not have to be uniform. The sketch below

shows where the various parameters are defined.

grid numbering

o
=]
k,£,5,¢,N, D
Az u,0.K,£,0,C, 0¥, 4,
v,,I,,0u/dz,8p/6z
o
o Zs

The time discretisation in the numerical solution technique is based on the 6 -method; all
simulations are carried out with @ =1, i.e. Euler-implicit time integration. In the vertical

direction a first-order upwind scheme is used, together with a central difference scheme for

TU Delft B_1I
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the diffusion operator. All source terms are modelled explicitly. The sink terms are
modelled such that the relevant variables, i.e. k,&,S,¢, N and D never become negative;
for details the reader is referred to Uittenbogaard et al. [1997]. A sub-time step can be set
by the parameter n_, through which the advection-diffusion equation for flocculation can

be solved efficiently with a smaller effective time step than that for the overall process. The

communication between the various modules is given in the sketch below.

stress tensor continuity equation Bingham model
L | momentum equation @)

flocculation model

{1

waves turbulence model mass balance

mud and salt

consolidation

2

density

buoyancy

Figure B.1.: Set up of and communication between modules: (1) only if floc evolution is simulated, (2) only if

consolidation is simulated. (1) and (2) not together.

B.3 Requirements for numerical accuracy

Due to the implicit solvers and conservative form of the equations, the numerical scheme is

stable and mass conserving for all numerical parameters. However, because of accuracy the

following requirements have to be followed:

1. The grid-size may be chosen non-equidistant. However, it is recommended that the
sizes of two neighbouring grid cells do not differ by more than a factor 1.5.

2. The size of the lowest grid cell should be smaller than the thickness of the fluid mud

layer, that is when all sediment in the water column has settled.

B_12 TU Delft
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3. From numerical experiments it appears that an optimal choice for the relaxation
timeis T, =2-At

4. The time step Atshould be small enough to accommodate for advective effects
properly: At < Az/w,

5. The numerical diffusivity D, for the upwind scheme used amounts to
Doum = W,AZ/2

6. The parameter M in equation (B-28) is set at 10° s/m to obtain a smooth transition

between consolidation and hindered settling.

TU Delft B_13
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C DELFT3D-FLOW

Delft3D is an integrated flow and transport modelling system; it consists of several modules
of which the flow module (Delft3D-FLOW) forms the hydrodynamic basis. This is also the
module that was used in the present study. The Delft3D-FLOW module is a hydrodynamic
flow simulation program that simulates transport phenomena while solving the unsteady
shallowwater equations. Phenomena as tide, wind and wavedriven flows, stratified and
density flows can be included in simulations while bottom level, water level and velocity
field change continuously. To solve the shallowwater equations, these are transformed to the

discrete space.

The equations can be solved in different dimensions. When depth averaged velocities are
used in an area model, the model is 2Dh (two dimensional horizontal). If vertical layers are
distinguished the model is 3D. In 3D the vertical layers can be specified proportional to the

local water depth.The different types of models domains are shown in figure C.1.

Figure D.1: Example of model domains (Source: WL | Delft Hydraulics, 2005)

For an elaborate overview of the entire numerical modelling system Delft3D, the reader is
referred to the various Delft3D User Manuals (WL|Delft Hydraulics, 2005).
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D Calibration

D.l Calibration 3D model
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Figure D.1: Monitoring stations
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Tidal constituents
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Table D.1: Tidal analyses 3D model, Chézy=110 m¥?s

OBS = observation data (Wang [1994]); COM = computed data (Yangtze estuary model)

tidal phase

tidal amplitude; G=

A=
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Table D.2: Tidal analyses 3D model, Chézy=110 M

OBS = observation data (Wang [1994]); COM = computed data (Yangtze estuary model)
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tidal phase

tidal amplitude; G=
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Table D.3: Tidal analyses 3D model, Ch
OBS = observation data (Wang [1994])
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; COM = computed data (Yangtze estuary model)
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Figure D.4: Observed water levels (dotted line) from Hu et al. [2000] at monitoring station Jiuduandong
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Figure D.5: Computed water levels (3D model) at monitoring station Jiuduandong
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Wusong
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Figure D.6: Observed water levels (dots) from Wang [1989] at monitoring station Wusong
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Figure D.7: Computed water levels (3D model) at monitoring station Wusong
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D.1.3 Flow velocity
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Figure D.8: Observed velocities (dotted line) from Hu et al. [2000] at monitoring station NP
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Figure D.9: Computed velocities (3D model) at monitoring station NP
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Figure D.10: Observed velocities (dots) from Wang [1989] at monitoring station SC
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Figure D.11: Computed velocities (3D model) at monitoring station SC
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Figure D.12: Difference between velocity with and without sediment effect
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Figure D.13: Observed velocities (dots) from Wang [1989] at monitoring station NC
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Figure D.14: Computed velocities (3D model) at monitoring station NC
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D.1.4 Salinity

26.1

27.4 30.2

33.1

19.8 300 M3

23.9

Figure D.15: Survey data for salinity (Wang [1994])
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Figure D.16: 3D model results for horizontal salinity distribution, layer 10, Low Water, Spring Tide
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Figure D.17: 3D model results for horizontal salinity distribution, layer 10, High Water, Spring Tide
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Figure D.18: 3D model results for horizontal salinity distribution, layer 10, Low Water, Neap Tide
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Figure D.19: 3D model results for horizontal salinity distribution, layer 10, High Water, Neap Tide

Monitoring station NB-2 at 0B-Apr-2004 15:00:00
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Figure D.20: Model results for vertical profiles for velocity, viscosity, sediment and salinity for monitoring

station North Branch-2, Low Water, Spring tide
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Monitaring station NE-2 at 07-Apr-2004 00:00:00
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Figure D.21: Model results for vertical profiles for velocity, viscosity, sediment and salinity for monitoring
station North Branch-2, High Water, Spring tide
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Monitoring station NB-2 at 12-Apr-2004 12:00:00
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Figure D.22: Model results for vertical profiles for velocity, viscosity, sediment and salinity for monitoring
station North Branch-2, Low Water, Neap tide
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Figure D.23: Model results for vertical profiles for velocity, viscosity, sediment and salinity for monitoring

D-16 TU Delft
WL | Delft Hydraulics



Hydraulic roughness in sediment-laden flow

station North Branch-2, High Water, Neap tide
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Figure D.24: Observation data for sediment concentration (dots) from Wang [1989] at monitoring station SC
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Figure D.25: Model results for sediment concentration for layer 1 (surface; black line), 5 (middle; red line) and 10
(bottom; blue line) for monitoring station SC
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Figure D.26: Model results for sediment concentration for layer 1 (surface layer) for monitoring station SC
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Figure D.27: Model results for sediment concentration for layer 5 (middle layer) for monitoring station SC
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Figure D.28: Model results for sediment concentration for layer 10 (bottom layer) for monitoring station SC
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Figure D.29: Observation data for sediment concentration (dots) from Wang [1989] at monitoring station NC
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Figure D.30: Model results for sediment concentration for layer 1 (surface; black line), 5 (middle; red line) and 10

(bottom; blue line) for monitoring station NC
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Figure D.31: Model results for sediment concentration for layer 1 (surface layer) for monitoring station NC
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Figure D.32: Model results for sediment concentration for layer 5 (middle layer) for monitoring station NC
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Figure D.33: Model results for sediment concentration for layer 10 (bottom layer) for monitoring station NC
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Figure D.35: Model results for sediment concentration for layer 1 (surface; black line), 5 (middle; red line) and
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10 (bottom; blue line) for monitoring station Xuliujing
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Figure D.36: Model results for sediment concentration for layer 1 (surface layer) for monitoring station
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Figure D.37: Model results for sediment concentration for layer 5 (middle layer) for monitoring station
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Figure D.38: Model results for sediment concentration for layer 10 (bottom layer) for monitoring station

Xuliujing
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Figure D.39: Observation data for sediment concentration (dotted line) from Hu [2006] at monitoring station
SP
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Figure D.40: Model results for sediment concentration for layer 1 (surface layer) for monitoring station SP
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Figure D.41: Model results for sediment concentration for layer 1 (surface layer) for monitoring station SP
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Figure D.42: Model results for sediment concentration for layer 5 (middle layer) for monitoring station SP
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Figure D.43: Model results for sediment concentration for layer 10 (bottom layer) for monitoring station SP
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Figure D.44: Observation data for horizontal suspended sediment distribution from He [2006]
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Figure D.47: Model results for horizontal suspended sediment distribution, layer 1, Low Water, Sping tide
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Figure D.48: Model results for horizontal suspended sediment distribution, layer 10, Low Water, Sping tide
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Figure D.45: Model results for horizontal suspended sediment distribution, layer 1, High Water, Sping tide
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Figure D.46: Model results for horizontal suspended sediment distribution, layer 10, High Water, Sping tide
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Figure D.51: Model results for horizontal suspended sediment distribution, layer 1, Low Water, Neap tide
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Figure D.52: Model results for horizontal suspended sediment distribution, layer 10, Low Water, Neap tide
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Figure D.49: Model results for horizontal suspended sediment distribution, layer 1, High Water, Neap tide
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Figure D.50: Model results for horizontal suspended sediment distribution, layer 10, High Water, Neap tide
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D.2 Calibration 2Dh model

Tidal constituents
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Table D.4: Tidal analyses 2Dh model, Chézy=110 m¥?s™. 0BS = observation data (Wang [1994]); COM

computed data (Yangtze estuary model)

A

tidal phase

tidal amplitude; G=
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Table D.5: Tidal analyses 2Dh model, Chézy=120 m¥?s™ . 0BS = observation data (Wang [1994]); COM

computed data (Yangtze estuary model)

A

tidal phase

tidal amplitude; G=
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Table D.6: Tidal analyses 2Dh model, Chézy=130 m¥?s

computed data (Yangtze estuary model)

A

tidal phase

tidal amplitude; G=

D-37

WL | Delft Hydraulics

TU Delft



Hydraulic roughness in sediment-laden flow

D.2.2 Water level
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Figure D.53: Computed water levels (2Dh model) at monitoring station Jiuduandong
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Figure D.54: Computed water levels (2Dh model) at monitoring station Wusong

30 Mar

TU Delft
WL | Delft Hydraulics



Hydraulic roughness in sediment-laden flow

D.2.3 Flow velocity

N
T

=
(==}
T

e
(o2}
T

-
S
T

121

0.8

0.6H

depth averaged velocity, magnitude (m/s)—>
T

<
»

=]
N
T

or I

NP

15 Mar

|
17 Mar 19 Mar 21 Mar 23 Mar 25 Mar 27 Mar 29 Mar

time —

Figure D.55: Computed velocities (2Dh model) at monitoring station NP
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Figure D.56: Computed velocities at monitoring station NP during spring tide
black line: results for 3D model, Chézy coefficient = 110 m“s*1

red line: results for 2Dh model,

Chézy coefficient = 110 m¥2s

blue line: results for 2Dh model, Chézy coefficient = 130 m“s*1
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Figure D.57: Computed velocities at monitoring station NP during neap tide
black line: results for 3D model, Chézy coefficient = 110 m“s*1
red line: results for 2Dh model, Chézy coefficient = 110 ml/zs*1
blue line: results for 2Dh model, Chézy coefficient = 130 m“s*1
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Figure D.58: Computed velocities (2Dh model) at monitoring station SC

TU Delft
WL | Delft Hydraulics



Hydraulic roughness in sediment-laden flow

TU Delft
WL | Delft Hydraulics

depth averaged velocity, n component (m/s) —

1 |
Oh 12h Oh 12h
time —

Figure D.59: Computed velocities at monitoring station SC during spring tide
black line: results for 3D model, Chézy coefficient = 110 ml/zs’l

red line: results for 2Dh model, Chézy coefficient = 110 mms*l

blue line: results for 2Dh model, Chézy coefficient = 130 m¥2s™
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Figure D.60: Computed velocities at monitoring station SC during neap tide
black line: results for 3D model, Chézy coefficient = 110 m¥2s™

red line: results for 2Dh model, Chézy coefficient = 110 m]ﬂs’l

blue line: results for 2Dh model, Chézy coefficient = 130 m”zs*1
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Figure D.61: Computed velocities (2Dh model) at monitoring station NC
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Figure D.62: Computed velocities at monitoring station NC during spring tide
black line: results for 3D model, Chézy coefficient = 110 m“s*1

red line: results for 2Dh model, Chézy coefficient = 110 m“s*1

blue line: results for 2Dh model, Chézy coefficient = 130 m“s*1
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Figure D.63: Computed velocities at monitoring station NC during neap tide
black line: results for 3D model, Chézy coefficient = 110 ml/zs’l

red line: results for 2Dh model, Chézy coefficient = 110 ml/zs*1
blue line: results for 2Dh model, Chézy coefficient = 130 m”zs*1
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D.2.4 Salinity
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Figure D.64: 2Dh model results for horizontal salinity distribution, layer 10, Low Water, Spring Tide
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Figure D.65: 2Dh model results for horizontal salinity distribution, layer 10, High Water, Spring Tide
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Figure D.66: 2Dh model results for horizontal salinity distribution, layer 10, Low Water, Neap Tide
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Figure D.67: 2Dh model results for horizontal salinity distribution, layer 10, High Water, Neap Tide
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D.2.5 Sediment
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Figure D.68: 2Dh model results for sediment concentration for monitoring station SC, for a period of 2 months
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Figure D.69: 2Dh model results for sediment concentration for monitoring station SC, for 1 spring-neap tidal cycle
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Figure D.70: 2Dh model results for sediment concentration for monitoring station NC, for a period of 2 months
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Figure D.71: 2Dh model results for sediment concentration for monitoring station NC, for 1 spring-neap tidal cycle
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Figure D.72: 2Dh model results for sediment concentration for monitoring station Xuliujing, for a period of 2 months
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Figure D.73: 2Dh model results for sediment concentration for monitoring station Xuliujing, for 1 spring-neap tidal

cycle
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Figure D.74: 2Dh model results for sediment concentration for monitoring station SP, for a period of 2 months
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Figure D.75: 2Dh model results for sediment concentration for monitoring station SP, forl spring-neap tidal cycle
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Figure D.76: 2Dh model results for horizontal suspended sediment distribution, Low Water, Spring tide
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Figure D.77: 2Dh model results for horizontal suspended sediment distribution, High Water, Spring tide
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Figure D.78: 2Dh model results for horizontal suspended sediment distribution, Low Water,Neap tide
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Figure D.79: 2Dh model results for horizontal suspended sediment distribution, High Water, Neap tide
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