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EVALUATION OF BED SHEAR STRESS UNDER TURBID FLOWS THROUGH
MEASURES OF FLOW DECELERATION

by Maria Angelaki

In previous work it has been observed that thectliapplication of the law-of-the-wall
in flows of high concentrations of cohesive seditegresults in overestimation of the bed
shear stress. In this experimental work the efééctarious turbidity levels on the drag
coefficient and shear stress over a smooth bedwvsstigated. For this purpose, turbid
flows were simulated in a laboratory annular fluftee Lab Carousel), using kaolinite
suspensions of different concentrations, varyingmfrO to 60 g/l. Flow velocity
measurements were taken in the turbulent boundeasr lof hydraulically smooth flows
and the values of bed drag coefficient and sheasstvere calculated using the method of
Flow Deceleration. The results obtained after tteeg@ssing of the velocity time-series and
the application of the Flow Deceleration methoddate that there is no evidence of shear
stress modification for suspended sediment coraeoms below 3 g/l. However, at higher
concentrations the flow in the Lab Carousel exhibitdifferent boundary layer
characteristics. Therefore, the bed drag coefficgtiowed a significant response to the
increase of the suspended clay concentration bygedsing up to ~ 50% from the clear
water value over the range 3-60 g/l under a floeesprange of 0.8 m/s. The equivalent
decrease in bed shear stress was calculated &% ~T4f@se results are in accordance with
earlier findings of various researchers, thus comfig the validity of the Flow
Deceleration method, used in accurate estimatiértteobed drag coefficient and shear

stress within the Lab Carousel.
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1 Introduction

It is widely recognised that the boundary sheagsstrand the corresponding shear
velocity are two very important parameters, usedmany problems in river
engineering. Such problems include determinatiothefresistance of a channel and
its sediment-carrying capacity, bank erosion ptexhc tractive force design for
irrigation canals and also sidewall correction padwres for laboratory flume studies.
On the other hand, the distribution of boundaryashstress around the wetted
perimeter of a natural or artificial channel islugihced by various factors. Among
them we can distinguish the cross-section of tlaoél, the boundary roughness and
the sediment concentration. All of these factorsiaccombination and control the
boundary shear stress distribution. This fact makesprediction of the local shear
stress at a particular point on a channel boundaryery difficult task. Many
researchers have worked on the shear stress de&tioni problem, considering
various types of flows and channels (e.g. prismatid non-prismatic open channels
under sediment-free conditions, compound trapekcath@nnels which are often
typical of river cross-sections, etc.) and takimgoiaccount as many controlling
factors as possible (Akan, 2001; Jin et al., 260¥adani et al., 2005).

Furthermore, the drag coefficient is another keyapeter, used both in the
determination of the fluid drag force acting onubaqueous boundary and in the
estimation of the shear stress induced on the gganh by waves and currents. The
latter has many applications in the study of emvsamd sedimentation processes,
including bed stability evaluation and sedimeninsgort rate prediction (Grant &
Madsen, 1979; Grant et al.,, 1984). Thus, it is Widecognised that the accurate
knowledge of the boundary shear stress is necesséng determination of initiation
of sediment movement and the subsequent transgi@s (Allen, 1977). The drag
coefficient and the local boundary shear stresee®stimated by various techniques
(Velocity Profile Method, Quadratic Stress Law, Relgs Stress or Eddy Correlation
Method, TurbulentKinetic Energy Method, Pressure Gradient Methockrtial



Dissipation Method) (Dyer, 1986; Thompson et aD02®. However, all of these
methods exhibit various problems when used in feghglications, requiring more
sophisticated measurements and analytical procedarel, therefore, they are
considered as impractical. The drag coefficientdependent on the boundary
roughness and flow Reynolds number (Nikuradse, 19B0also depends on the
presence of suspended load (McCave, 1973; Ludwi&/5) and large-scale
bedforms. In some cases a constant value of thg doafficient is considered,
regardless the hydrodynamic roughness and flowngtine(Sternberg, 1968; 1972).
This fact makes the estimated values of shearsskess accurate. The present work is
focussed on the determination of the shear stnemdeel on a smooth boundary by

flows transporting cohesive sediments in suspension

Flows carrying clay material in suspension are comnm a wide range of marine,
fluvial and terrestrial environments, wherever #isient supply of sediment exists.
They can be observed as river flows, subaerial fidedsand lahars, tidal currents in
estuaries and on tidal flats, turbidity currentsmarine basins, etc (Simpson, 1997,
Leeder, 1999). Such flows and their characteridi@mge been experimentally studied
by various researchers (Grant et al.,, 1984; Korh@85; Pantin & Leederl987).
From previous work it has been observed that tertiuseawater flows with low
concentrations of suspended clay (<10 g/l) exhdbgmatically different boundary
layer characteristics from clear water flows (B&dteeder, 1993; Gust, 1976; Gust &
Walger, 1976; Amos et al., 2003). In particularytlshow the phenomenon of drag
reduction, which causes significantly lower frictidactors and higher erosion
thresholds than predicted by experimental datagindd from clear water flows using
the law of the wall for bed shear stress estimation

This work aims to present the results of experimemt the effect of fine suspended
sediment on the bed drag coefficient and bed steass, to interpret these results and
compare them to the results obtained by other relsess. The laboratory simulations
undertaken within this project deal with the deteation of the drag coefficient of
high density flows. It should be emphasized thatrttethod used in the experiments
is the flow deceleration method, which is basedNemwton’s second law and has been
successfully used in clear water measurements bynphlon et al., (2004). It has been
proven that with the use of the flow deceleratiogtimd, the estimation of the drag



coefficient over a wide range of Reynolds numbers can be accuratefesmt. The
experimental work was carried out in a laboratargudar flume — the Lab Carousel,
and it consisted of flow velocity measurements t#ycsuspensions of various

concentrations over a smooth flat bed.

In the following paragraphs a brief overview of leabapter of the thesis is given. In
Chapter 2 a brief introduction in the fluid dynamitheory is given, concerning the
motion of fluids. It aims to provide some theoratidackground to the work
described in chapters 4, 5 andGhapter 3 contains a review on field and laboratory
studies of sediment-laden flows, including comglaas due to the presence of the
transported solid phase within the flow. The rdi¢he drag reduction phenomenon is
stressed, while emphasis is placed on the userofl@nflumes in the investigation of
turbid flows. In chapter 4 an overview of the ladtory procedure followed in this
investigation is given, including description ofethaboratory equipment and
instrumentation used in the measurements, assdaatdbration curves, and detailed
description of the undertaken series of experimélite Flow Deceleration method is
also presented, which forms the theoretical baghdu applied in the estimation of
fundamental parameters (drag coefficient and sk#ass). Chapter 5 contains the
results obtained from the experimental runs inlthb Carousel for the clear water
flows and also the clay-water mixtures. The expental results of chapter 5 are
further discussed in chapter 6 and the conclusswassummarised in the subchapter
6.1. Finally, some certain directions to which twesent work could be further
extended are suggested, while Appendix A contaimshdished paper which is based
on the work described in this thesis.



2 Fluid dynamics definitions

This chapter is focused on the background theonceming the motion of fluids.
Some basic aspects of fluid dynamics are presemteldding physical properties of
fluid phase, the boundary layers and the associtib@d structures, flow regimes,
friction factors and shear stress, sediment trahspodes. The presence of suspended
sediment in the flow is accordingly stressed, anadifies the properties of the pure
fluid phase.

2.1 Physical properties of fluids

Only the bulk properties of fluids, which dependtbeir molecular structure, are of
great sedimentological interest. THensity (o) is defined as massn() per unit
volume and the units in Sl are kdginThe fluid density is a fundamental property as
guantities like fluid momentum and effective (imseal) weight of solids immersed
in fluids, depend on the mass per unit volume efrioving fluid. The density of a
pure fluid phase is a function of temperature am$gure. For example, the density of
fresh water is 1000 kgfat £C, 999.0 kg/mat 16C, 995.7 kg/mat 30C, etc.
However, in the case of most natural flows some plmations arise due to the
presence of the transported particulate mattesuth a case the effective bulk density

(p,) for unit volume is given by:
p,=(1-cp+co Eqg2.1

where p is the density of the pure fluid phasejs the fractional concentration of the

suspended sediments aadis the density of the transported solids.



Dynamic or absolute viscosity {#) is a physical property expressing the ease of

deformation of a fluid or in other words it measutée resistance of a fluid to a
change in shape. Viscosity controls the rate obwhedtion by an applied shear stress
because the initiation and maintenance of relathn@ion between fluid layers

requires some work against the resistive forcesrdthre, i is a distinct property of

a fluid and varies for different fluids. Dynamicseosity is defined by Newton’s
relationship:

_,,du Eq2.2
T=U—
dy

where 1 is the shear stress amtili/ dy is the velocity gradient (or strain rate). Thus,
dynamic viscosity is the constant of proportionglivhich relates shear stress to the
strain rate. The Sl units for dynamic viscosity &g ms or Ns/m? (= Pag. Also
1g/cms=1poise is often used as a dynamic viscosity unit. Fomgxa, at 18C the

absolute viscosity of fresh water is 1.14 centipsisvhile that of seawater is 1.22

centipoises (assuming = 359%,). The viscosity of magmas is quite variable anheso

orders of magnitude higher than that of water. Gbsly, a fluid of high dynamic
viscosity will be ‘thicker’ than another fluid oflawer viscosity.

The fluid dynamic viscosity expresses the diffigudf the fluid molecules in moving
fast relative to each other because of the mutuarénce and the attractive forces,
developed by the hydrogen bonding phenomenon. Dinaistosity is a function of
temperature, while the effect of pressure is négbg For example, the dynamic
viscosity of water decreases with increasing teatoee. This happens because the
attractive forces among the water molecules deergath increasing temperature.
Furthermore, the addition of fine suspended mdteniaa pure fluid phase can
increase the viscosity of the sediment-water metyFigure 2.1). A possible
explanation is that each solid surface within &flacts as a potential slip surface that
increases the internal resistance to shear. Beslieepresence of suspended sediment
load within a fluid flow has been extensively stdliby many researchers, as the
subsequent effect on the flow structure is of gatimentological interest. Such
aspects will be discussed in cha@er
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Figure2.1 The dependence of dynamic viscosity coefficigmt/n) on the concentration of
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clear water respectivelyC, is the volumetric concentration of suspended sedfm(Van

Rijn, 1993).

The kinematic viscosity (V) is another expression of viscosity and is deribgd

dividing the dynamic viscosity by fluid density:

Egq2.3

<
I
I NS

As it is known, there is a continuous transferloidf momentum from faster to slower
moving layers within the flow. Thus there is a mawen flux toward the boundary,
manifested by the shear stress inZ2. This momentum transfer is described by the

ratio i/ p, which expresses the diffusivity of fluid momentum SI the units are



m?/s. The dependence of kinematic viscosity on the teatpre is illustrated in

Figure2.2.
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Figure2.2 Kinematic viscosity(V) as a function of temperatu(@) (Van Rijn, 1993).

2.2 Newtonian and non newtonian fluids

When a newtonian fluid moves then the shear stiessto viscous resistance in the
flow is proportional to the gradient of the flowesul. Therefore, a newtonian fluid
(e.g. clear-water) exhibits a dynamic viscosity ebhiis constant at a constant
temperature and is not affected by the shear oat® other words, the rate at which
the newtonian fluid is strained does not influenbe resistance to shear. This is
depicted in Figure.3, where the shear stress-shear rate curva feewtonian fluid is

a straight line passing through the origin of thesa The slope of the straight line
equals to the dynamic viscosity of the fluid. Fhiidontaining a certain amount of
suspended quartz particles show a similar behavimurtheir viscosity increases with
the concentration of suspended particles. On therdbtand, non-newtonian fluids
exhibit a dynamic viscosity which varies with shearstrain rate (Figur@.3). For

example, fluids containing clay minerals in susp@mare known to diverge from the
newtonian response for clay concentrations abasertain value and for a proportion
of clay minerals above 20 per cent (James and afili 1982) (Figur@.4). Non-



newtonian rheologies are typical of many natukadl, such as water-saturated muds
(fluid muds), while this non-newtonian responseyglan important role in the

processes of slumping, sliding and avalanching.

Bingham
plastic

Non-Newtonian
pseudo-plastic

=0 0 W

Newtonian
viscous

Non-Newtonian
dilatant

nh o= ~0

Yield stress

Shear rate

Figure 2.3 Shear stress plotted against shear rate foerialat of different rheological
behaviour (Leeder, 1999).

Based on the behaviour of substances under sheeerat types of rheological
response can be distinguished (Figu2e3). In pseudoplastic (non-newtonian)
materials the dynamic viscosity)(is high at low shear rates but decreases with
increasing shear rate up to a constant value. Sulgstances are also known as shear-
thinning, e.g. muddy fluids, showing a structure imteracting clay particles that
increase the fluid’s overall resistance to the flé\g the shear rate in a muddy fluid
increases, this structure is gradually destroyetithan the shear-thinning behaviour

is produced (Dyer, 1986). Dilatant (non-newtoniflujds are those whose dynamic



viscosity (1) increases with the shear rate. This type of dgpoal response is

common in some polymer suspensions. Bingham plastibstances show a
Newtonian behaviour, as the dynamic viscosity resiaonstant under increasing
shear rates. However, an initial shear stress,eras the ‘yield stress’, must be
applied before strain occurs. The Bingham yieléssrarises due to residual effect of
particle interaction and is related to the magretwaf the attraction among the
particles. Examples of natural flows showing pasiehaviour are lava and debris
flows. In such flows, a finite yield strength allewnorphological features like levees,
flow snouts and flow wrinkles to be preserved dyriiow and after motion has

stopped, while particle settling is likely to badiered or even impossible.
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Figure 2.4 Rheological behaviour of quartz/kaolinite mpes in suspension for varying

percentages of kaolinite (Volumetric concentrai®f.2%) (James & Williams, 1982).

Some examples of geophysical flows, driven by warimechanisms and showing a
Newtonian-flow type are the following: a) surfaceater flows in river and delta

channels, driven by gravity b) gravity driven tiddws c) ocean surface currents



driven by wind shear, pressure gradients and Geriotce d) deep ocean currents
driven by gravity acting on density contrasts, ehace caused by salinity differences
and differential heating or cooling. On the othanth, mass flows of sediment and
water exhibit density contrasts due to the presefhsespended sediments, e.g. debris
flows and turbidity currents. Such flows are alstweh by gravity forces but show a
flow type which varies from non-newtonian to newsm(Leeder, 1999).

2.3 Newton’s laws in Fluid Dynamics

Newton’s laws of motion are very important in fluitynamics, as they govern the
motion of all fluids. According to the first law,nkwn also as the ‘principle of
inertia’, a constant mass of a fluid will remainllstr continue to move along the
same direction at a constant velocity, provided tiene externally applied force is
acting on this mass.

In the second Newton’s law it is stated that theymitade of an externally applied
force equals to the rate of change of momentumtékats place along the direction of
the force. Therefore, the magnitude of a force bancalculated according to the
produced acceleration or deceleration. The momepimunit volume of a fluid of a

constant density ig u, thus the rate of change of this momentum is:

F = pdu/dt Eq2.4

According to second law, the temporal and spataiations of flow velocity result
from pressure gradients, generated within the fl@8uch pressure gradients are
caused by forces, the magnitude of which can bienastd according to Newton’s
second law (Allen, 1985). These forces are thosdraolling the rate of sea-bed
erosion and deposition, hence their accurate etratugs fundamental in sediment
transport investigations. Additionally, the Newtsrsecond law (EQ.4) constitutes
the physical background for the development of Hiew Deceleration method,
described in chapter.
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Finally, the third law states that the force exerby one fluid/solid mass on another
fluid/solid mass is equal and opposite to the forexperiences from the other mass.
This law is applied to flows where velocity gradierare developed, e.g. within
boundary layers. Then the shear stress exertedeotop surface of a thin fluid layer
is opposed by an equal stress exerted below. Evedeal flows, where frictional
forces grown at solid boundaries agsumed to be negligible, Newton’s third law
applies and the fluid force is acted upon by araégnd opposite reactive force from
the bed. However, in natural flows the movemenadfuid over a bed is strongly
affected by frictional drag developed within a tedly narrow zone, the boundary
layer (8.4). In this zone the flow speed is decreasediveldo the current speed
away from the solid boundary.

2.4 The dynamics of the flow

Various aspects in fluid dynamics are approacheddnsidering ‘ideal’ flows of

inviscid fluids. Such ‘ideal’ fluids are charactad by zero viscosity/=0) and

they don’t show any resistance to the flow. Consetly, they don’'t develop
frictional forces on their boundaries. Howeversttbes not hold true in the case of
natural flows of non-ideal fluids. Whenever a riiaid moves over a solid boundary,
frictional drag forces are developed, decreasirg wblocity within a narrow zone
close to the boundary. The fluid molecules in imratg contact with the boundary,
attach to it and form an adsorbed layer which asiaary relative to the free-stream
flow. Obviously, the flow velocity decreases froms ifree value away from the
boundary to almost zero at the boundary. Such zoh#sw retardation are known as
boundary layers (Figure 2.5). A boundary layer is formed every time a riald
moves over a sediment-substrate or through a chanaeound a fixed object or even
when an object is moving relative to a stationdmdfmass (e.g. settling of particles).
The flow velocity increases with the distance abthes boundary, until it reaches its
free-stream value. A boundary layer is charactdribg the presence of velocity

gradients and shear stresses, developed due twsisnd inertial forces.
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If we consider a fluid moving over a flat plate lwia uniform velocityu _ then a
boundary layer will be formed, thickening downstreliom the leading edge (Figure
2.5). Three sections can be distinguished. In tigal part the flow will remain
laminar over some distance from the edge and fbkendss ¢ ) of the boundary layer
will increase with the square root of the distance from the edge (Schlichting,

1951):

AAAAAANAANANNAANANAN

laminar

——————

|
|

transitional i turbulent
I

-

Figure2.5 The boundary layer developed over a flat fladeder, 1999).

1/2
g=5 —HX Eq2.5
£ Umax

where u is the dynamic viscosity ang is the fluid density. Within the laminar

boundary layer the time-averaged velocity at adigeint will be exactly the same as
the instantaneous velocity at that point. The vglatistribution is described by:

r y?
u=—(y-=—
ﬂ(y 25) Eq2.6

12



whereu is the flow speed at heiglyt above the boundary, is the shear stress at the
boundary, # the viscosity andd the boundary layer thickness (Leeder, 1999).

Settingy=0 andu=u__, where u__ is the flow velocityoutside the boundary

layer, EQ2.6 yields:

_ 2H U Eq2.7
)

T

Eq2.7 shows that the shear stresses associatedawmitiiar boundary layers are very
small. The thickness of the laminar boundary lag@ntinues to increase with the
distance along the plate so that at a certainrdistéhe motion is not stable any more
and starts to be turbulent. Then fluid eddies dtadevelop and the boundary layer
becomes transitional. Finally, beyond some critidigtance the inertial forces will
dominate and the flow will become fully turbulefithe velocity distribution within
the turbulent boundary layer is given by:

Ly AL Eq2.8

where u is the local time-averaged velocity. The exponentaries from about 1/5

near transition to about 1/7 further downstreaneflex, 1999).

The turbulent boundary layer formed over a smoatimidary can be divided in three
regions (Figure.6). Theviscous sublayeris a thin zone, lying immediately adjacent
to the boundary where the flow velocity is low. Thelocity gradient within the

viscous sublayer is almost constant. The sheasssti® controlled by dynamic

viscosity ¢ and is given by Newton’s viscous stress equatam?(2, 7 = ”3_;) or

u:jr%dy:% Eq2.9

The thicknes®)' of the viscous sublayer is experimentally defi(®@kkath, 1984) as:
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o' =115v/u, Eq2.10

The quantityu, , is theshear or friction velocity and has the dimensions of velocity.

It is defined as:

u =y7/p Eq2.11
where 7 is the shear stress exerted on the boundary bfiuideand o is the fluid
density. The shear velocity, is directly proportional to the rate of increaseflaid

velocity with height, and it is therefore propori&d to the slope of velocity

distribution curve.

4
H [ 7 7 rmessssrmree [ T
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h h turbulent
t t
Zone
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o~~~ Viscous subiayer PRI ETe—
Velocity Velocity

Figure 2.6 Turbulent boundary layers formed above smoa)hafd rough (b) boundaries

(Komar, 1976).

Further out into the turbulent boundary layer ahdve the viscous sublayer the

logarithmic sublayer is found, where the rate ofu/dy decreases with height.

Within the logarithmic sublayer the turbulent triEensof momentum dominates over
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the viscous transfer. Based on the assumptiondbéatly decreases with the distance

from the boundary, we ge{o!—u D1 or u= kjidy or
dy vy y

u=klog y+c Eq2.12

where k and ¢ are constants. A fuller form of the above equat®rcalled the
Prandtl’'s ‘law of the wall' and provides the varat of streamwise velocity with
height in turbulent flows (Coleman, 1981). The lovwart of the logarithmic layer
merges into the linear viscous sublayer via a marzone, which is known as the
buffer layer (or equilibrium layer). In this zone the viscous and turbulent transfer
momentum are comparable. In Figuteé the turbulent boundary layers developed
over a smooth and a rough boundary are depicte@. dresence of boundary
roughness disrupts the viscous sublayer and tharitbgnic zone extends to the
boundary.

In Figure2.7 the mean flow velocity measured across a smootimdary, is plotted
against height above the sea-bottom. The upperdmreesponding to the logarithmic
sublayer, is a least-squares fit of a logarithmief to flow velocities measured at 1
cm above bottom. The lower part of the plot repnesa linear fit to flow velocities
measured at heights below 0.6 cm and corresporttie tascous sublayer.

The flow boundary roughness can be defined by coingahe thickness of the
viscous sublayer of turbulent flows to the size sefliment grains or boundary
irregularities. Smooth boundaries are those, whose roughness elements of
sedimentary particles are completely enclosed wittiie viscous sublayer and
consequently they develop only viscous forces. Wherparticles project through the
sublayer, they favour the growth of eddies andaendary is said to keansitional

or rough, depending on the degree of penetration.

The turbulent eddies are able to transfer fluid mpotum normal to the boundary
within a turbulent boundary layer. This suggest the viscosity of a turbulent fluid
is some orders of magnitude higher than the trgeogity due to eddy viscosity.

Therefore, the turbulent boundary layer exerts a&hmgreater shear stress than a
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laminar one. The turbulent viscosity is not a canstso the shear stress has generally
to be calculated empirically.

— JW — 0 I

(em)

1] | &

Velocity (em/s)

Figure2.7 Mean flow velocity versus height above the Ised{Caldwell, 1979).

2.5 Reynolds number and flow regimes

Osborne Reynolds observed in 1883 that two disfioat types can be distinguished:
laminar or viscous flow at low flow velocities ardrbulent flow at high flow
velocities. Considering fluids of different visctysflowing through pipes of various
diameters, the change from laminar to turbulentvflsas found to occur at a fixed
value of a dimensionless parameter, known a&k#ynolds number (Re) It is:

ReoUd Eq2.13
vV

where uis the mean flow velocityd is the internal diameter of pipe amdis the

kinematic viscosity of the fluid. In the case afiver flow, the diameted in Eq2.13
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is substituted by the hydraulic radius of the clenvhich equals the mean flow depth
if the channel width is much greater than watettllep

The Reynolds number is a manifestation of the eféécviscous forces relative to
inertial forces acting on a fluid. WheRe is low, then viscous forces dominate and
the flow is said to bé&aminar. A laminar flow is stable and the fluid particlesove
along definite straight trajectories. When Re ghhithen inertial forces dominate and
the flow is turbulent. A turbulent flow is characterised by irregulagi or
disturbances, which lead to the formation of eddikffusing across the flow as well
as moving in the mean direction of the flow. Insw@cflow the fluid particles move
along random fluctuating trajectories. The turbuldlow can be considered as a
complex motion where random velocity fluctuatiods€ to the motion of eddies) are
superimposed on the average motion of translafibe. turbulent eddies can transfer
momentum normal to the flow boundary at a rate miigher than the molecular
transfer in laminar flows. In this case an additibresistance to the flow arises,
expressed by theddy viscosity which is not constant for a given fluid and
temperature. As an example, many water flows iersvare turbulent. The change
from laminar to turbulent flow conditions occur®gressively, over a range of values
of Re. Within this range the flow is characterisedtassitional. In open-channel
flows, the transitional range dRe values is between 500 and 2000 (Leeder, 1999).
For Reynolds numbers higher than 500, instabilitiegelop within the flow, which
gradually becomes fully turbulent. The critical walof Re depends to some extent
on the number of irregularities and obstaclessqme on the channel bottom. For
example, an open channel flow over a smooth bottoomd remain laminar for
Re>500 and up tdRe = 2000. However, in natural channels with a robgtiom the
critical value ofRe is low, as the bottom irregularities favour thewth of turbulent
eddies and the transition to turbulent conditiohs. natural flows the laminar
conditions are very rarely observed, as turbulenwtd dominate. The only exception
is very close to a sufficiently smooth boundary,evenh the viscous sublayer can

develop with viscous stresses dominating over tartistresses.

Furthermore, the grain Reynolds numbBe( ) is defined as:
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u.k Eq2.14

where u, is the shear velocity ank_ is the grain effective roughness height (Allen,

1985). Combination of EQ.10 with Eg2.14 gives:

k Eq2.15
Re :11.5?

The grain Reynolds numbeRg, ) is proportional to the ratio of the grain effee
roughness heightk( ) to the thickness of the viscous sublayen (Thus, it provides a

measure of grain protrusion through the viscoudaseb, which is further used in

defining whether turbulent eddies are produced. WiRe, is less than 5, the bottom

roughness has a negligible effect on the flow dedottom is considered as smooth.

For Re higher than 70, the viscous sublayer is complelisrupted and the bottom

is considered to be rough. In such a case, vigcapjpears to have a low effect on the
mean flow. The change from smooth to rough boundanditions occurs within the
transition region 5Re, <70 (Schlichting, 1979).

2.6 Energy losses and friction factors

According to Newton’s second law (se€2.3® when a fluid is moving over a solid
boundary with a constant velocity then frictionatdes arising from viscosity and
turbulence, act on fluid elements in a directiopagng the fluid motion. Thus, in a
steady flow of a non-ideal fluid there will be antimuous loss of energy due to
friction and subsequently the total energy of tbavfwill decrease along a streamline
because of energy dissipation.

In a moving fluid the energy dissipation is mariéesby two ways: either bygkin
friction’ (expressed by stationary grain roughnessjaont drag’, which arises from
the generation of eddies around bedforms. Additipnanergy dissipation is caused
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whenever a fluid mass moves past a bend of the-dloannel or constricts or
expands. Besides, due to sediment transport a enbbd layer (bedload) is formed,
causing further energy loss. All the previous folwhgnergy losses can be included in
a synoptic friction coefficient for a particularof. The friction factor f is
dimensionless and is given by the ratio of sheasstr , exerted by the flow on the

surface of a solid boundary to the mean kineticgnper unit volume, or:

= f(%puz) Eq2.16

Eq2.16is known as thegquadratic stress law’. The coefficient of proportionalityf

is calleddrag coefficientand expresses in a non-dimensional way the drhghws
exerted by the moving fluid to the solid stationéed. Friction coefficients describe
the total drag, including form and skin frictione@ending on how the proportionality
factor is defined, the quadratic stress law appeaxdifferent forms. Regarding an
object, which is moving within a stationary enclgsiluid, Eq2.16 is written as:

1 Eq2.17
T:CD(E,OUZ) d

where c, is the drag coefficient. For channelized flows:t

f1 , Eq2.18
r=—~(=
4(2pU)

where the constant of proportionality is known &g tDarcy-Weisbach friction

coefficient.

A great variety of processes can affect the frilodissipation of energy within a

fluid flow and the subsequent friction factors. Eoample, friction coefficientf is

strongly dependent on Reynolds number for lamipatransitional flows (Shames,

1962). For fully turbulent flows f is more or less independent of Reynolds number,
however, it depends on the boundary roughness.atticplar, f increases with

increasing relative roughness, with relative rowgsnbeing the ratio of roughness
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diameter to flow thickness. In the same way, tragdroefficient in a fully developed
turbulent flow through a pipe depends on the walighness of the pipe (Nikuradse,
1950). Additionally, the bed drag coefficient caaryw over a mobile sea bed
(McCave, 1973) or due to bed-form development (Dy&80) or in response to
changes in the flow regime (Sternberg, 1968). Titag @oefficient of a fixed bed is
also known to vary, either with the direction addi current relative to bed forms
(McCave, 1973) or due to the existence of wavesghvimteract nonlinearly with the
steady flow within the wave boundary layer (Grantl dMadsen, 1979; Green et al.,
1990). Finally, the presence of saltating partieidsch act as a momentum sink, can
differentiate the drag coefficient (Smith and Mc&ie 1977; Grant and Madsen,
1982), while the suspended particulate matter witai flow can cause a stable
stratification of the boundary layer, thus consaity affect the observed values of
drag coefficient (Huntley et al., 1994; Green ancQdve, 1995).

The drag coefficient is considered a very impdrfmrameter, used in the evaluation
of the shear stress induced on the sea bottomebguérlying flow. For example, in
the quadratic stress law if the value of the dragfficient at a fixed height above sea
bed is accurately known, then the unknown sheasstcan be estimated from a
single measure of flow velocity at the consideredyht. This takes away the need for
obtaining the complete velocity profile and thetedining the shear stress using the
law of the wall (Sternberg, 1968; Yalin, 1972). r@teerg (1968, 1972) calculated an
average value for the drag coefficient for fullyvdlped turbulent flows, through
numerous measurements of velocity profiles in Pu§etind, Washington. He

proposed:
C, o, = 31x10°° Eq2.19
where C = the drag coefficient at 100 cm above the sea héé use of the

D100

constantC,, , seemed very practical, as the bottom stress duulehsily determined

from a single measured value of flow velocity at)1€m above the sea bottom.
However, the obtained values of shear stress prowdmk inaccurate under certain
circumstances, as the use of Sternberg’s consteag doefficient showed two
limitations. First, the large-scale bedforms (regldunes, sand waves) are not taken
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into account, although they provide higher resistato the flow and so affect the

value of CDloo' The second limitation is that the use of a meanstant CDloo

assumes the absence of suspended sediment iowhenfhich is not usually the case.
Consequently, the generalised use of a constamé \&ldrag coefficient, irrespective
of flow strength, the presence of bedforms and esded particulate matter could

lead to erroneous shear stress estimations.

The friction coefficients argenerally determined experimentally. In particulde
calculation of the bed drag coefficient in natursrine settings is difficult, as it is
based on some conventionally used methods. The pwmsmon method is the
velocity profile method, which requires velocity aseirements on a vertical array
within the boundary layer. Large sources of errog avolved in this method,
including noise in velocity measurements, inacailatowledge of the position of
measurements relative to the bed, etc. Other coioverh methods include the use of
hot-film probes, which relate the heat dissipatitmectly to shear stress (Graham et
al.,, 1992) and the measurement of Reynolds strassasthe boundary (Soulsby,
1983). This method is very sensitive to sensor Igiaent and can give large errors
of 156 % per degree of misalignment in wave-donadanvironments (Soulsby and
Humphrey, 1989). It is concluded that the routingded methods of determining the
bed drag coefficient show various problems wher usdield applications and their
use is based on assumptions, which should be dgrefonsidered under certain

circumstances.

2.7 The boundary shear stress - measurement techniques

In sediment transport investigations and partidylan predictions of movement
initiation of sediment particles, a key paramesethe bottom shear stress)(exerted

by the fluid which is moving over a sandy or colkessubstrate. Therefore, in such
investigations the objective is the estimationh# fluid shear stress on the boundary
and this can be achieved by several methods ircdke of an assumed steady two-
dimensional turbulent flow (in an open channel)e Thethods include the Velocity
Profile method (Bowden, 1962; Sternberg, 1968;rv,al©Q72; Li & Gust, 2000) and
the Quadratic Stress Law (Sternberg, 1968; McCa9é3; Ludwick, 1975; Soulsby,
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1983), which are considered as the most commongd uschniques. All of the
conventionally used methods show some advantagesthine same time include
sources of error and/or require measurement tegbsigvhich are not simple, hence

they are not characterised by the ease of apitati

In the velocity profile method, the mean flow spéedeasured at a few levels within

the water column. Assuming a logarithmic profilee tmean flow speed a() at a
given distance £) above the sea-bottom is related to the bottorarssigess by the
Karman-Prandtl equation:

R (zj Eq2.20
U =—In| —

whereu, is the friction velocity(r / p) Y2, k is von Karman’s constant arg] is the
roughness length (generally increasing with thendauny roughness). The measured
values of u, are plotted against on a semi-logarithmic scale and the slope of the
velocity profile gives the boundary shear stresy The application of this method is
based on the assumption of a steady flow and ataminshear stress above the
boundary. Consequently, a large scatter in theegabf u, and z can be obtained
and this can be attributed to many reasons, inetutlow unsteadiness, noisy velocity
measurements, inaccurate determination of the hes§hvelocity measurements,
varying bottom roughness. In addition, the dragnf@if present) is not considered as
well as the presence of suspended sediments, wharge the value df (Sternberg,
1972).

According to Quadratic Stress Law equation, thenblauy shear stress is proportional
to the fluid density and the square of the meaw fbpeed measured at a distarxce

from the boundary. Considering the bed drag caefficC, at heightz as the

coefficient of proportionality, the Quadratic Ssesaw is given by:

r=C, pu’ Eq2.21
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Eqg2.21relates the shear stress at the boundary to eesmghsured value of the flow
velocity within the boundary layerThe main advantage of the method is the
simplicity in its application. However, the usetbé quadratic stress law is based on a
logarithmic velocity distribution, which is not ahys the case. For example, it has
been demonstrated that during various tidal flovegarithmic velocity profiles
occurred between 62% and 100% of the time (StegnkE968). Consequently, a
certain degree of uncertainty is introduced in tis& of the quadratic stress law
method when it is applied in shear stress estimstio

Furthermore, the boundary shear stressan be estimated using the ‘eddy correlation
method’ (Soulsby, 1983), by measuring directly Reynolds stresses in the constant
stress layer of the flow:

7=-pu'v =const Eq2.22

where u' is the longitudinal fluctuating component of vatgand v' is the vertical

fluctuating component of velocity. The overbar ig E22 indicates the mean value.
This method is particularly sensitive to sensorafigsiment and can give errors up to
156 percent per degree of misalignment under Spemdnditions (Soulsby and

Humphrey, 1989). Although the method assumes tlwegice of a constant stress
layer, it is known that the shear stress can disduate with the distance from the
boundary. In hydraulically smooth flows, the ‘grawli method’ is used for accurate
determination of the bottom shear stress by meaw fheasurements within the

viscous sublayer:
u, =(vdu/dz)*? Eq2.23

In flume experiments the ‘energy slope method’ f&em used for shear stress

estimation:
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where g is the gravity acceleratiorR is the hydraulic radius of the flume, asdis

the surface slope. Shear stress values calculatde2.22 and ER.23 are local
boundary stresses, while that obtained by2Ex is a bottom shear stress averaged
over the entire flume. The latter value is not @ugate as the local stresses because it
is affected by: the non uniform distribution pfalong the flume walls, the side-wall

effects and the secondary current83).

2.8 Sediment transport modes

The motion of the transported sediment particlasnadly takes place in three distinct
modes: rolling and/or sliding motion, saltating matand motion in suspension. It is
known that when the value of the bed shear steegsst above the critical value for
motion initiation, then the sediment particles egmoved from their resting position
and erosion starts to take place. The particles sbdling and/or sliding but they
remain nearly always in contact with the bed. As txerted bed shear stress
increases, the sediment particles start making apirlg motion (saltation). The
sediment grains moving along a bed by rolling,isfjicand saltation constitute what is
known asbedload Finally, when the vertical component of the flowelocity
becomes comparable to the particle settling velptiten the particles are lifted to a
level within the water column at which the upwandoulent forces can balance their
submerged weight, so the sediment particles camtgosuspension (Francis, 1973).
Such moving particles form theuspended loadand practically move with the same
speed as the speed of the carrier flow. The finkoumly dispersed particles are
responsible for the turbidity of the flow. The sesded load also includes the
washload which is a broad term describing the clay-sizetigas brought into

suspension more or less permanently.

Bedload and suspended load transport can occureasame time within the same
current, however the limit between these two modé&gransport is not strictly
defined. The relative percentage of transportednssa grains, moving in three
different modes is shown in FiguPe8 as a function of the transport stage. Therlatte

is defined as the ratia, /u,_ of the flow friction velocity to the critical fction

24



velocity, required for the initiation of particle ation. It is obvious that near the
threshold the rolling motion dominates over saltatand suspension. However, at

high values of the ratiai, /u,_ the proportion of rolling particles decreasesyver

steeply, while the proportion of suspended pariatereases.

Additionally, experimental work has shown that leedl transport could be observed
both in laminar and turbulent flows (Bagnold, 1958ggarding the forces acting on
transported sediment grains, bedload can be defsethe portion of grains whose
immersed weight is balanced by an upward interdearforce, arising due to grain

shearing over a solid bed (Bagnold, 1966). Thissdu# apply to the suspended load
transport, occurring only in turbulent flows. Incéuflows the fine suspended particles
are evenly distributed within the whole water cotuand the collisions among them
are very rare, so intergranular forces supporting suspended load cannot be
developed. In this case, the suspended load isostgopby forces developed due to

fluid turbulence.
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Figure2.8 The proportions of rolling, saltating and susfesl sediment particles against the

transport stage (Abbott & Francis, 1977).
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2.8.1 Cohesive sediment transport

The previous considerations were based on the gdgumthat the transported
sediments were relatively coarse cohesionless granoving as separate particles.
However, if clay minerals, clay mineral flocs anohesive clay beds are involved,
then the situation is different, because the clalds in transport do not behave as
separate individual particles but interact ele¢atisally, showing a certain degree of
cohesion.

Clay size particles are platelike and carry a negatlectric charge on their surfaces,
caused by isomorphous substitution in their lasticEhe presence of a saline fluid,
e.g. seawater, causes the negative charges toubalzed and subsequently the
approaching clay particles do not repel any mollewang London-van der Waals
molecular forces to establish attraction betweedividual clay platelets Such
attractive forces can counteract the electrostapulsive forces. In this case, the
process offlocculation takes place, where larger aggregates of graindoaneed
from many individual platelets. On the contraryfresh water (e.g. in river water) the
electrostatic repulsive forces normally dominated @he flocculation process is
inhibited. Consequently, flocculation is more effee in saline water. The attractive
London-van der Waals forces are known to be inlemm®portional to the square of
the distance between the clay platelets. Therefbeeformation of flocs depends on
intergranular collisions, which bring the clay @ts in very close proximity. The
concentration of suspended particles is also inambrtas in dense suspensions the
probability of particles brought very close togetlee high. Temperature variations
also affect the flocculation process. At high terapares the thermal motion of ions is
more intense and the repulsive forces become lasgethe formation of aggregations
is prevented. Additionally, the presence of orgammaterial on the particles
encourages organic binding, which leads to largaed atronger flocculates
(Whitehouse et al., 1960). The formation of aggregas known to be a reversible
phenomenon, which means that if sediment flocgpaten fresh water, then they will
be subject to disaggregation processes, partigutarthanced by turbulent shearing
(Jeffrey, 1982; van Leussen, 1997). An importanbfem involved in the study of
flocculated mud aggregates is the difficulty of s@dng the floc size from fluid
samples, as the extraction of these (e.g. throughppmg) could lead to disruption of
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the flocs and disaggregation. In order to get eueh problems, a number of in situ
techniques have been developed (McCave, 1979; Eetnah, 1997). For example,
Owen (1971) has developed a tube for measurindatheelocity under laboratory
conditions closely resembling the natural stateloBi@phic techniques have also
been used successfully in the open sea for innsgasurements of the flocs size and
their fall velocity (Carder et al., 1982).

It is known that the flocculation process dependsctay particle concentration:
increased concentration leads to increased numbenterparticle collisions and
therefore, to increased flocculation rate. As expecthe settling velocity of the
grown aggregates will increase with increasing eotr@ation. However, after the
settling velocity obtains a peak value, a furtheecréase in particle concentration
causes a decrease in settling velocity due to fiecteof ‘hindered settling’
phenomenon (Figur2.9). This means that both the settling flocs angdls particles,
moving downwards within the dense suspension dispéacertain fluid mass, which
in turn moves upwards, preventing further settlifithe flocculation rate also
increases with increasing salinity and subsequentiwen fall velocity of flocculates
will be observed at a lower concentration if thebgnt fluid is more saline (Owen
1970).

The reduced settling velocity of flocculates in skersuspensions due to ‘hindered
settling’ has been described by Maude & Whitmorg5@). The proposed formula

Wwas.
w, =w, (1-C)" Eq2.25

where w, is the fall velocity of a particle in a suspensafrother falling particlesw,

is the fall velocity of a single particle in an etlise particle-free fluidC is the
volume concentration of particles in the suspensama m is a function of particle
size and shape. For small particles is equal to 4.65, while for large particles
m= 232. From the above relation is evident that the ¥alobcity of a particle in a
dense suspension will be smaller than that in &eratise sediment-free fluid and
strongly dependent on concentration.
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Figure 2.9 The settling velocity plotted against suspenslediment concentration for mud

from the Severn Estuary (Odd, 1982).

In certain environments flocculation becomes a wegortant process, e.g. at estuary
heads, where fresh water is mixed with seawateubyulent eddies. The mixing of

fresh and salt water causes estuarine circulatioverd by density gradients. It has
been observed that the combined effect of the dilaton process and hindered
settling can lead to the development of distingeta of high suspended sediment

concentration in great proximity to the sea bot{éigure2.10).

This is particularly common in tidal-dominated esias (Kirby and Parker, 1983). In
such environments silt- and sand-sized particlesbooe in larger aggregates, which
then settle and form large areas of mobile andost@ty mud suspension$lujd
muds) of very high densities. Mobile suspensions catepally flow along the
bottom without mixing considerably with the overgi flow because of the high
density contrast. Additionally, they can move fyedbwnslope as density currents
under the influence of gravity. Stationary fluid asushow high densities (up to 200
g/l) and can be rapidly deposited at a thicknes2-d4f m (Dyer, 1986). They are
separated by a sharp interface (lutocline) fromaberlying suspension layer where
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the sediment concentration is much lower. Such enspns do not move

horizontally, however, gradual settling could occaediment cores obtained through

stationary fluid muds reveal structureless muddis svith occasional thin sandy

laminae (Kirby and Parker, 1983), while sonar rdsashow sharp upper surfaces of

stationary suspensions.
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Figure2.10 Concentration and velocity profiles with asaterd sediment fluxes. The velocity

profile represents wave motion. (Mehta & Li, 1998)

The erosion of a muddy bed by a flow will generalcur when the bed shear stress

exceeds the local critical shear resistance. Homwebe threshold conditions for

entrainment of mud are not simply a function ofigrsize, but depend on various

parameters, like clay mineralogy, chemical compasibf fluid, state of fluid flow,

organic content and previous depositional histdfgr example, consolidation of

deposited muddy beds is very important, becausauses an increased cohesiveness,

hence increased erosion resistance with depth.r&hidts in high surface erodibility

of muddy beds, which is followed by stability atgeeater depth. Additionally, the

presence of surface algal films and coatings onymaarine deposited muds exhibits

a binding effect, which decreases erodibility (lP=ia, 1997).
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3 Sediment-laden flows

In this chapter a general review on studies comegrisediment-laden flows is
presented, including basic observations and exjeetiah results. Emphasis is placed
on experimental investigations, conducted with time of artificial channels
(laboratory flumes) and in particular the annulamfes. The subchapt8tl consists
of some background information on suspension flanduding specific difficulties
introduced by the presence of cohesive suspenddéds swithin a flow. The
subchapter3.2 refers to the drag reduction phenomenon, eeuibloy natural and
laboratory turbid flows. In subchapt8t3 a brief overview is given on the use of
laboratory and in situ annular flumes by variousesgchers, who studied sediment-

laden flows.

3.1 Complications introduced by the transported solid phase

Most of the natural flows are not homogenous bex#usy carry a certain amount of
suspended load. If the suspended material is amtless, then the flow can be
considered as Newtonian. In this case, only Vomi&ar's constank and kinematic
viscosity v are changed (Hunt, 1954). If the suspended sedisna@a cohesive, then
Bingham-like behaviour occurs, with an increaseapparent bulk viscosity directly
related to the amount of transported clay and sraar(\WWan, 1982). In other words,
we have a two-phase system which behaves as ausisom-Newtonian fluid (Wood
et al., 1995Metzner, 1961). The latter was proven experimentayl Gust (1976),
who used a dilute seawater-clay suspension in@adatry channel and found that the
applicability of the universal ‘law of the wall’ €s 8.4) was not correct in this

particular case.
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It is known that the friction velocity (EB.11)u. =(7/p)"“ (7 = bottom stressp =
fluid density) is a fundamental parameter, usedhe investigation of erosion and
sedimentation processes of geophysical boundamrdayt can be estimated from
mean streamwise velocity measurements in the kbgaic layer of the turbulent
boundary layer. For hydraulically smooth flows oéwonian fluids the friction

velocity u, is calculated by solving the equation:

u/u. =1l/kin(yu. /v)+C, Eq3.1

whereu = local mean streamwise velocity,= vertical coordinate, and = kinematic
viscosity. Eq3.1 is known as the ‘Law of the Wall' and with=0.4 andC =5.5 is

valid for equilibrium boundary layers of fully ddeeed turbulent Newtonian smooth

flows. Within the range of validity, the values &f and C, slightly depend on

Reynolds number (Tennekes and Lumley, 1971; Termek®73). Therefore, the

values of the critical friction velocity, . and erosion rates obtained under the

assumption of a Newtonian flow structure shouladdyeewed in the case of sediment-
laden flows. This means that the universal lawhaf wvall is not valid for turbulent

two-phase flows.

Gust (1976) in his previously mentioned experimgimiulated a tidal flow under
highly controlled laboratory conditions, using amifgial channel coated with mud
and unfiltered seawater from the North Sea. Heiobthmean streamwise velocity
profiles for Reynolds numbers between 5400 and @7B@. non-eroding and eroding
flow rates) in order to investigate the boundaryefastructure of the seawater-clay
suspension down into the viscous sublayer. Althoutdje distributions of
concentration showed no substantial increase tavdrd wall, he found that the
thickness of the viscous sublayer (which was ndyaf the order of 1 mm) was
increased by up to a factor of 5 compared with Newain flows under the same

conditions. Additionally, the friction velocity, determined by the ‘gradient method’

(Eq 2.23) in the viscous sublayer was reduced up to #0%uspension flows. Gust

used mean velocity profiles to express the walbslséressr in terms of the friction
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factor f, which is a function of Reynolds numbeRe and clay suspension

parameters causing the reduction in the frictioloaigy u, . It is:
f=8(u,/U)? Eq3.2
whereU is the mean channel flow velocity, and:

Re=4U R/v Eq3.3

where R is the mean hydraulic radius. In Figu8d the data for the clay suspension
show a downward shift from the clear water valuEsnonstrating the occurrence of
the drag reductiophenomenon which is explained ir3.2.
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Figure3.1 Friction coefficientf as a function of equivalent pipe Reynolds numtiee for

experimental smooth turbulent flow® { clear water;+ : clay suspension) (Gust, 1976).
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3.2 The drag reduction phenomenon

Drag reduction is a hydrodynamic phenomenon, olseim turbulent flows when
polymers or fibrous solids are added in small catregions to a fluid. It is referred to
the reduction of skin friction in a turbulent floa¥ a suspension or solution below that

of the solvent alone.

In 1948 Toms pointed out that the resistance aroleater flow could be reduced if

some polymers were added to the flow. The obsedvad reduction phenomenon

occurred because the polymer molecules show a @ran structure, so their

presence suppresses the development of turbuleaeehe boundary. Flocs of some
clay minerals suspended in water show a long csaircture as well, so they may
induce drag reduction. Besides earlier, Fortier Sndbey (1926) had observed that
for water flows transporting cohesive sediments pleemissible channel velocities

were higher than for clear water flows. As an erptéoon they suggested that the
sedimented cohesive particles cemented the bottatarml, which then became less
subject to the erosive action of the flow. In othgords, the drag reduction

phenomenon which occurred in their experimentalaimand rough flows had been
responsible for the decreased shear stress apjpliede bottom or the increased
critical friction velocity u%;; required for erosion. The drag reduction phenomeno
caused by clay suspensions was later suggesteannyi ZL967) but his results were
guestioned by other researchers. Since then, ssispeflows have further been

studied and the drag reduction phenomenon hasdbegry exhibited.

Regarding the generating mechanisms of drag remyctihe agglomeration of

charged particles is proposed as a possible causlay suspension flows (Gust and
Walger, 1976). According to Radin et al. (1973)cwelastic solutions and fibrous
suspensions can exhibit drag reduction. Howevérast been proposed that all types

of elastically deformable aggregates which can &lsduilt up by bioaggregation,
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will cause drag reduction in natural turbulent f&wor alternatively, those
agglomerations which can change their shape umgeeffect of shear or vorticity in
the turbulent flow can cause drag reduction. OtHezological properties like
thixotropy or dilatancy of the suspensions couldoalkhange the rheological

behaviour of turbulent flows and cause this phename

Experimental studies of sediment-laden flows haseealed that in such flows a
thickened viscous sublayer or buffer layer is fodnteelow the logarithmic layer
(Virk, 1971). As a result, increased mean velositie the logarithmic layer are

needed in order to achieve the same critical (fttachsmitted) friction velocities!

*crit
for erosion of a subaqueous substrate than foutidalear water flows. Additionally,
many researchers have confirmed that the turbulehaeacteristics of particle-laden
flows can be affected by the presence of dispepseticles if the concentrations of
the dispersed phase are high enough. This ‘turbalanodulation’ effect is an
extremely complex phenomenon that is not complatelyerstood. Gore and Crowe
(1989) have shown that turbulence levels can beardd for large particles in
dispersion apparently due to the formation of tlebtiwakes behind such particles.
The effect of small particles, however, is usually suppress the turbulence by
extracting energy from the primary flow turbulengraham, 2000). Consequently,
the general effect of small particles is to attéewarbulence.

Based on the preceding information, it is concludbdt the assumption of a
Newtonian flow structure can not be valid for magdimentological investigations
in flume experiments and natural flows. As an eximp has been observed in
experiments on the determination of the erosioe ddtclay beds (Migniot, 1968;

Terwindt et al.,1968; Partheniades and Paaswell, 1970), that thkedpbed shear

stress7,, exceeded the erosion threshald  without erosion being caused. This can
be explained if the drag reduction phenomenon iasicered, as under such

conditions the flow contains freshly eroded suspendediments. Once more the

values ofr, haveto be reviewed in case they are obtained via vigloueasurements

in the logarithmic layer. Regarding the depositioh cohesive sediment§om
suspension flows, the balance of sedimentationt@rqeocesses is modified in drag
reducing flows, although the exact mechanism regufurther investigation. It is
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supported that the thickened wall layer, observedinag reducing flows, causes
upward migration of the zone of maximum turbuleneéar stress. This produces a
thicker zone where the disaggregation of clay flassless likely to occur.
Consequently, within the thickened wall layer tlksuspension rate of the deposited
flocs is decreased, while the deposition rate ¢seiased (McCave and Swift, 1976).
Furthermore, Gust and Walger (1976) conducted bitld and laboratory
experiments and found that when drag reductionrsacutidal flows with suspended
cohesive sediments, then the friction velocity esluced by possibly 20-40% as
compared with sediment-free flows. This allows pneservation of freshly deposited
mud over several tidal periods. In their flume expents they used a mixture of
illite, kaolinite and chlorite minerals with condeations less than 380 mg/l. As the
main generating mechanism for the observed turbuleag reduction, they proposed
the dynamic interaction between turbulent sheairsin the flow and deformation of

aggregates.

Some aspects of the dynamics of turbidity currani$ subagueous slides might also
be explained by the drag reduction phenomenordilute turbidity currents drag
reduction could cause lower bed friction factolgvang higher flow speeds than
those expected in clear water flows (Stow and BoweB80; McCave, 1984). In such
a case, previously estimated values of velocity eamje may be underestimated.
Besides, it is known that the mud/silt interlamioas and microripples present in the
Bouma D/E divisions of turbidites are formed dué¢ht® processes of size segregation.
Such processes are strongly linked to the turbutbatacteristics of the thickened
wall layer, which is observed in drag reducing fio{idesse and Chough, 1980; Stow
and Bowen, 1980). Besides, Best and Leeder (1993fonmed qualitative
experiments in order to further investigate the&# of drag reduction upon bedform
development. In their first experimental run thesveloped a uniform flow over a
sand bed, with a maximum flow velocity just abolke threshold of movement. Then
a suite of current ripples formed on the bed sexféc the second experimental run,
the first experiment was repeated but this timéag-suspension flow of 0.2 g/l was
established over the sand bed. The developed ¢unpgies showed significantly
lower amplitudes and wavelengths than those forinedlear-water flow. It was
proposed that drag reduction was responsible, diglritt allow the true threshold of

movement to be reached during the second run. Beparation still occurred over
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the current ripples, however, the reduced neawbétities caused a decrease in near
bed erosion at flow reattachment points. It is notehy that the current ripples
generated on the sand bed show analogues to thes fomicroripples), which are
common in the deposits of dilute turbidites (Hemse Chough, 1980).

It is generally accepted that several aspects ofrent transport, deposition and
bedform development in natural marine environmangssignificantly affected by the
drag reduction process. This is supported by masgarchers, whose observations on
natural and experimental turbid flows, are presgmethe following brief overview.

It is obvious that experimental study of these psses requires flow-measuring
devices with adequate spatial and temporal resmiutt should be noted that more
recent experimental data (e.g. data obtained aghuse of LDV and ADV sensors)

are considered to be accurate and reliable.

According to Dyer (1986) and Mehta & Dyer (1990 suspension of fine-grained
sediments can significantly change the boundargrlatructure and bed shear stress,
and this in turn affects the processes of cohestgiment erosion. Best and Leeder
(1993) demonstrated the drag reduction in turbusea-water flows by laboratory
experiments using non-intrusive laser Doppler amaetoy in clay suspensions of 2.2
g/l (maximum concentration). They observed thatremmease in clay concentration
caused progressively lower velocities near the diadl to a gradual thickening of the
buffer region of the turbulent boundary layer. Besi, Graham (2000) confirméie
general effect of particles to attenuate turbulerst®idying the influence of a
dispersed phase on carrier flow turbulence. Thaerdtow is assumed to be a simple
homogeneous shear, in which the fluid Reynoldssstiensor is independent of
spatial location, but in which there is a linearameshear across the flow. He found
extra dissipation terms in the Reynolds stress teansacompared with those arising
in isotropic turbulence. He also developed a sinnpdelel for predicting the reduction
of turbulent kinetic energy in particle-laden tudmt shear flows, and compared the
theoretical results with his experimental data.

Finally, Li and Gust (2000) observed the drag réidacin suspension flows of clay
concentrations 4 and 8 g/ I. In their approacloa#y profiles and bed shear stresses,

expressed as shear velocities, were measured egogy-coated hot-film sensors in
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order to evaluate drag reduction and controllingtdes. The shear velocity was
directly measured in the viscous sublayer and veakiged by as much as 70%
relative to the profile-derived shear velocity iretlogarithmic layer. The magnitude
of drag reduction was found to depend both on ctayentration and flow strength.
For a fixed flow strength (represented by flow Ra&gs number in flume

experiments), drag reduction increased with inéngaslay concentration, while for a
given clay concentration drag reduction increasét decreasing flow strength. The
data obtained from the flume experiments were wsettrive the following empirical

relationships, which can predict the magnitude @gdreduction and the reduced
shear stress in mud suspensions for both laborandy field cohesive sediment

transport studies:

Us/ Uriog = —6228(C/ps) +9.171x10°° Ret+ 0.425 Eq3.4

Ws = -5442(C/ps) + 4.463x10°° Re+ 0.0398 Eq3.5

where: ws= the directly measured skin-friction shear velcitu- g =the log-layer
shear velocity derived from the velocity profil€,=clay concentrationps =kaolinite
density, Re=Reynolds number. The two parametass, and us/ U-iog, are predicted
from clay concentration and flow strength measurgmen particular the predicted
ratio uss/ U-iog indicates how much the bed shear stress is reduithdespect to the
apparent shear stress of the logarithmic layer,afdixed flow strength and clay

concentration.

The previous predicted values are in line withieafindings by Amos et al. (1997),
who measured in situ the stability of the fine-gesd sediments on the foreshore and
upper foreslope of the Fraser River delta, usingeathic flume -the Sea Carousel

(Amos et al., 1992). The reduction in the bed sisti@ss €,) and the corresponding
friction velocity (v,) due to suspended sediment concentrat©h &re predicted by

the equation:

V.(C) =V, (0) - [0.2267log(C) x 0.157%, (0)] Eq3.6
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where v, (C) =the reduced friction velocity due to sediment @mication C and

v, (0) =the friction velocity for sediment-free conditions Figure3.2 the predicted
values of friction velocity, are plotted against the concentratonof the suspended
solids. This plot illustrates the decreasevindue toC for various starting values of

Vv, , which correspond to clear-water conditions.
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Figure 3.2 The reduction in friction velocity due to sesded sediment concentration, as

defined by Eq3.6 (Amos et al., 1997).

It is concluded thathe drag reduction phenomenon is generally obsanveddiment-
laden flows, however there have been a few casegioh drag reduction has not
been clearly verified. For exampld/ang et al. (1998) conducted experiments with
clay suspensions flowing over smooth and gravetembdeds and showed that
resistance of the flow may be considerably redutct#e flow boundary is rough. For
flows of high clay concentrations over the graved bthe friction factor was found to
be less than half of the clear-water flow at themealischarge and energy slope. They
proposed that at low concentrations controversisiiits could be obtained concerning
drag reduction because the flocs of some clay misaran extend in one direction
with a long chain structure, damping turbulence eauking drag reduction. However,
some clay particles form spherical flocs and doshmw a long chain structure. Such
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kinds of flocs do not damp turbulence and do naiseadrag reduction. At high
concentrations all flocs in clay suspension conrtecgiether and form a three-
dimensional net structure, which affects the rasis¢ in two ways: first by damping
turbulence (Figure8.3) and reducing the resistance and second byastry the
viscous resistance. In turbulent flows over a gréeel the turbulent shear dominates
the resistance, so the three-dimensional clay tstresuppresses the development of
turbulent eddies and causes drag reduction. Inukemb flows over a smooth
boundary both viscous stress and turbulent saesdigh enough, so the effect of
damping turbulence is counterbalanced by the efiecicreasing viscous resistance.
Therefore, drag reduction is not observed.
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Figure 3.3 Average turbulence intensity T as a functiovafime concentration Cof clay

suspensions (Data of Wang et al., 1998).

Additionally, Bogue and Metzner (1963) did not fidchg reduction in turbulent pipe
flows of clay suspensions, while Hou and Yang (3988ed clear water and clay
suspensions between rotating and fixed smooth pleteorder to study the fluid
resistance on the relatively moving plates. Thewntb that almost in all
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measurements, clay suspensions showed higheraressthan clear water and drag

reduction in this case was questionable.

3.3 The use of annular flumes in the study of sedimer&den flows

In experimental studies of cohesive sediment bad#icial channels (the laboratory
flumes) are commonly used in order to investigatedrosion characteristics of clay
substrates and the transport of suspended sedingntk studies require knowledge
of the precise flow field and the bed shear stdestsibution. It has been verified that
the flume measurements allow a particularly detailand well-conducted
determination of these parameters under highlyrobetl laboratory conditions. In
particular annular flumes have been widely use@aent years both in laboratory and
in-situ measurements, as they overcome varioudgamsbencountered during the use

of the more conventional straight-channel flumes.

The main disadvantage of straight flumes is thatdhspended sediment has to be
recirculated by pumps and recirculation loops, tsostructure can be significantly
changed (e.g. the structure of aggregates can teznaly disturbed). In annular
flumes such a problem does not exist, as the flothém is driven by a rotating lid,
which provides a shear force at the top of the mat&imn (Maa, 2001). Besides, the
flow length in annular channels is considered toirdaite, thus allowing a fully
developed benthic boundary layer to be formed. Hewehe flow in annular flumes
is not unidirectional and shows more complex charatics: the shear force applied
on the top boundary induces a primary flow in tlagential direction and a
secondary circulation in the radial direction. T¢exondary flow is caused by the
centrifugal force due to channel’s curvature areuértical gradient of the tangential
velocity (Yang et al., 2000). As a consequence sttear stress distribution across the
bed is not uniform in the radial direction, showiagonsiderable increase from the
inner wall to the outer wall and resulting in higlezosion in the outer edge of the
flume. This makes the accurate determination of ftbee and shear stress field
necessary before the experimental results cantbsreted (Graham et al., 1992).
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It is generally recognised that due to complex dbamand physical processes
involved, the detailed mechanisms that controldbkesive sediment transport and
erosion have not been absolutely clarified yet. kigav, the shear stress exerted on
the interface of cohesive sediment and overlyingdflappears to play the most
significant role on deposition and erosion of calesediments (Partheniades, 1986),
as a critical value of shear stress should be eleckbefore erosion of the cohesive
substrate can take place. It has been exhibitetd dhaular flumes have been
successfully used so far in critical shear stressuation, shedding light on the
previous aspect. Graham et al. (1992) determin@dengally and experimentally the
flow field and the surface shear stress distribytigenerated in the Hydraulics
Research annular carousel (located in Wallingfofthe numerical predictions were
made by the computational fluid dynamics programRMYELL-FLOW 3D. The
tangential velocity profiles were measured by ladeppler anemometry (LDA),
while the bed and sidewall shear stresses were ureghdy hot-film probes. The
comparison between the predicted and measured svadhewed a very good
agreement in the case of velocity profiles and adgagreement in the case of shear

stress.

Regarding the secondary flows induced in annulamds, Maa (1990) used a
numerical model in order to evaluate the secontlavy field for the annular sea-bed
flume developed at Virginia Institute of Marine &ate (the VIMS Sea Carousel). He
found that the radial flow velocities were abou¥%d6f the tangential velocities, being
maximum near the top of the flume. The radial congmis of the bed shear stress
were found to be about 15% of the tangential coraptshas well (Figure.4).
However, the radial velocities are much larger thia@ settling velocities of the
suspended clay particles. This shows the advantiagethe suspended sediment
concentration will be fairly uniform in the entifime and no stratification problem
will occur. As a consequence, the annular flumesbsaconsidered excellent tools for
studying the erosion behaviour of cohesive suledrabowever their reliability in
studying deposition processes is still questioigbides, Maa (2001) has proposed
that the secondary circulation in an annular fluzag be significantly reduced, if the
ratio W/R is low (less than 0.14) (R = radius of the flumér=+r_ )/2 and W =
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channel width =r_ —r. ). In other words, in annular flumes with a suljalarge R

t

and small W, the bed shear stress distributiorbeaconsidered uniform.
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Figure3.4 Bed shear stress profiles in VIMS annular flulorea constant speed of rotating
ring (= 7 rpm) (Maa, 1990).

Sea-bed annular flumes operate in a similar wag dkher annular flumes, used in
many other laboratories (Fukuda, 1978; Burt and &€ab985; Amos et al., 1992;
Maa et al., 1993). However, the sea-bed flumes Ih@en specifically designed for
field deployments. In particular, they can be ofeteon the floor of shallow water
environments, so they have no bottom and are laeoen a boat to penetrate into
the subaqueous substrates. As an example, a bamtmidar flume designed for both
laboratory and field applications, had been sudagsised on intertidal mudflats to
provide a useful means of quantifying material flagross the sediment-water
interface in relation to changes in current velp¢iViddows et al., 1998). Earlier,
another sea-bed flume had been used by Young aoth&d (1978) in order to
investigate the incipient motion of sandy sedimentisile the SEADUCT had been
deployed by Nowell et al. (1985) to define erogiates. The VIMS Sea Carousel had
been planned for use in field investigations ofsem and deposition rates (Maa,
1990). It proved to be a very reliable tool fortical bed shear stress measurements,
used in the study of sediment resuspension ofi\ibith Carolina coast (Maa et al.,
1995). The VIMS Sea Carousel is similar to the Sasousel, a benthic annular flume
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developed and tested in Canada (Amos et al., 1998). Sea Carousel has been
extensively used in field investigations of thebgtey/erodibility of cohesive beds in
a variety of natural marine settings (Amos etE#96; Amos et al., 1997; Amos et al.,
1998; Amos et al., 2003). The erosion rates obtiafrem in situ deployments were
based on the rate of change in the suspended s#dooecentration, monitored
within the flume. Three optical backscatter sen¢®BS) mounted in the flume wall,

were used in concentration measurements. Duringgsd deployment the time-

averaged friction velocity\_é) was determined, using a flush-mounted hot-filrobar
(Amos et al., 1992). It was demonstrated that feamazimouthal flow speed above
0.32 m/s, the friction velocity increased in thdigh direction almost linearly (Figure
3.5) and in particular, the cross-channel gradieffriction velocity increased with the

azimouthal flow velocity.
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Figure3.5 Total friction velocity distribution in radiairection in the Sea Carousel. Friction

velocity was measured at four levels of azimoutloaé speed (Amos et al., 1992).

The laboratory analogue of the Sea Carousel id éifreCarousel (&.1), an annular
channel designed for studies of sediment-laden sflaimder highly controlled
laboratory conditions. Cloutier et al. (2003) sadlihe effect of suspended sediment

concentration on the structure of a turbulent flaleyeloped in the Lab Carousel.
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They showed that for clay concentrations over tregge 50-4800 mg/l, the turbulent
intensity and energy dissipation rate were inflgehty concentrations higher than
200 mg/l, as both of these parameters decreasettdnyy 30% of their clear water
values. As the generating mechanism, it was praptss the suspended clay solids
hindered the development of turbulent eddies andified the energy transfer from
larger to smaller eddies. This can lead to a cenalle decrease in the shear stress
exerted on the bottom and consequently to lowesi@ncand resuspension rates.

The Lab Carousel was also used by Thompson e@04), who developed and
tested the Flow Deceleration method 48}). This method proved to be a very

practical tool, used for reliable and fast estiowadi of the drag coefficientQ,) in

smooth and rough flows of a wide range of Flow Rdgs numbers Re) within an
annular flume. Considering a smooth boundary, tiag doefficient depends only on
flow strength, expressed by Reynolds numbee)((Nikuradse, 1950). Therefore, the
drag coefficient is proportional to the rate ofo@ty change, exhibited by a constant
mass of decelerating fluid within the Lab Carows®d is given by:

mdv 1
Dy :ZETZ Eq 3.7
oV,

where C, = the drag coefficient at heigit, m= fluid mass, A= the wetted area of

the flume, p = fluid density,\72= mean flow velocity at height above bed. The

values of drag coefficient calculated by B, assuming a smooth decelerating flow
in the Lab Carousel, are in good agreement withegaindings on smooth plates
(Hughes and Brighton, 1967). In order to test tladidity of the new method,
Thompson et al. (2003) compared eight differenthme$ of estimating the mean,
fluid-transmitted bed shear stress within the LabroDsel under smooth bed
conditions. The used methods, except the Flow [Reaibn method, included the
Hot-Film probe and Turbulent Kinetic Energy (TKEpethod. At low flow velocities
there was a good convergence among the variousodgthwhile at higher flow
velocities the results of Flow Deceleration andbilent Kinetic Energy method were
found to be similar. The latter was also confirma&gder rough bed conditions,
establishing further the validity of the methodwas demonstrated that the use of
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Sternberg’s smooth-bed constant drag coeﬁicieﬁglo()=3.1><10‘3) (Sternberg,

1968; Sternberg, 1972), measured at 1 m above ibetthe Quadratic Stress Law
resulted in the highest overpredicted values obsslsress in relation to the Flow
Deceleration method results. In addition, the adgi@ined by hot-film probes showed
that the mean total bed shear stress values veadidlly. In particular, the highest
shear stresses were persistently observed in thélenof the annular channel, while
the lowest values were found at the outer edgheothannel (Figurd.6).
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Figure 3.6 Mean total shear stress in the Lab Carousemessured by hot-film probes at

three different points across the flume channeb(fjison et al., 2003).

This work aims to use the new method of Flow Deegien in the Lab Carousel in an
attempt to examine the effect of cohesive suspenuetter on the bed drag
coefficient and the bed shear stress within thentarty layer of smooth turbulent

flows.
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4 Experimental Procedure

In this chapter a short description of the labarsaflume used in the experiments and
its mode of operation is presented, followed by ¢h&bration curves of the various
sensors fitted in the flume 48L, &.2). In 8.3 a detailed description of the
experimental procedure is given, while 4.4 the Flow Deceleration method is
explained. In 8.5 the Flow Deceleration method is applied in ¢él&émation of the
bed drag coefficient and bed shear stress witlarLib Carousel. Finally, in4.6 the
effect of increasing clay concentration on the dyitaviscosity of the clay-water

mixtures is evaluated.

4.1 Equipment

The laboratory simulations described in this thestse performed in a laboratory
annular flume, the Lab Carousel (Figutd), which is the laboratory version of the
Sea Carousel (Amos et al., 1997; Amos et al., 1993)3). The Lab Carousel is an
annular flume, 2 m in diameter. The annular chahasl a rectangular cross section,
which is 0.15 m in width. These specifications aila maximum water depth of 0.40
m. The base and walls of the channel are made rgfi@and have a flat smooth
surface. The flow in the annular channel is dribgnthe rotation of a mobile lid,
which is also made of acrylic and can float onfib& surface. The rotating lid can
be submerged within the fluid, which is then séb imotion by eight small paddles,
fitted equidistantly on the lid. The speed of rmtatis controlled by an E-track® AC
inverter motor controller. The motor is placed u@ohydraulic jack, which enables
the user to lift the lid out of the water whileigt still rotating at any time during the

experiment.
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The Lab Carousel is equipped with: i) A one-dimenali class Illb Helium-Neon 10

mW Laser Doppler Velocimeter (LDV) ii) A single paiNortek® Acoustic Doppler

Velocimeter (ADV) iii) A Marsh McBirney® Electro-ngmetic Current Meter

(EMCM) (model 512) iv) Three optical backscattens@'s (OBS’s; Downing, 1983)

V) A digital video camera. It is known that the ea®oppler Velocimeter (LDV) is a

reliable tool, used in non-intrusive measuremenmtgidulent flow in the laboratory

(Nezu and Rodi, 1986; Agrawal and Belting, 1988he Tsystem used in these
experiments measured the tangential componenteofldiv velocity at a height of

0.15 m above the bed at the centre of the chamhelacquired data from LDV were
logged to a PC at a rate of 20 Hz.

Figure4.1 The Lab Carousel filled with clay suspensiohe Taser Doppler Velocimeter and

the digital camera are shown.

The acoustic Doppler velocimeter (ADV) is an aca@ushstrument, capable of
measuring three components of flow velocity at tsgimpling rates and with a small
sampling volume (Lohrmann et al., 1994; Gratiotagét 2000). It consists of a
transmitter and three receivers, arranged equitdigtéat 126) on a circle around the
transmitter (Figure4.2). The backscattered signal recorded by theetiheeeivers
results from a common sampling volume, which isitprsged at a distance of ~10 cm
from the probe (Figurd.2). The ADV sensor used in the Lab Carousel had been
firmly attached to the flume wall (Figuee3), so that the head of the instrument was
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approximately aligned along the centerline of thammel, while the measurements
were obtained at a height of about 0.01 m abovdltime bottom. For a sampling
volume size equal to 9 mm the flow was sampledratexof 25 Hz and the data were

logged to a PC.

2

Transmitter
Receiver
1" 4

10 cm

Sample

Volume —‘_*}D o

Figure4.2 Operation of ADV sensor

The Electromagnetic Current meters (EMCM) are sensery commonly used in
turbulent velocity measurements (Sternberg, 19@1\Witt and Kranenburg, 1996).
However, they show some disadvantages, such asde#irgoroblems (zero point
tends to shift over time) and flow disturbance tlmeheir relatively large size. They
also have a low spatial resolution (Soulsby, 1980).the Lab Carousel the
electromagnetic current meter (Figu4e4) measured the flow speed in both the
tangential and radial direction at a height of Omi%&bove the base in the middle of
the channel. The sampling rate was 2 Hz and thewlate logged from the EMCM to
a Campbell Scientific CR10 data logger. The thnetcal backscatter sensors (OBS)

were mounted in the flume wall and monitored thengeral variations of the
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suspended sediment concentration at heights of 0.08 and 0.20 m above the flume
bed.

The flow velocity field and the structure of theupodary layer within the Lab
Carousel over a range of flow speeds have beerrndetd from velocimetric
measurements of various researchers, using aDag®ler velocimeter (LDV) (Fung,
1995; Thompson et al.,, 2003). Their results comél the existence of a bottom
boundary layer of a thickness up to 0.02 m, dewatlopnder various smooth flow
conditions (Figuret.5). It was also confirmed that the tangential ponent of flow
velocity varies along the radial direction in thabLCarousel, indicating the presence
of secondary circulation (8.3).

Wire taped to bracket

Height positioned to
avoid paddle

Aluminium Protector

Red head aligned Outside Wall

along channel

Figure4.3 The ADV setup within the Lab Carousel
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Figure4.4 The Marsh McBirney® EMCM sensor
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Figure4.5 Profiles showing the variation of tangentialoegy with height above bottom in
the Lab Carousel (Cloutier et al., 2003)
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4.2 Calibration

The various sensors (LDV, ADV, and EMCM) were cadiled using a digital video
camera. The Lab Carousel was filled with fresh waie to a depth of 40 cm and
allowed to adjust to room temperature. Then ndytialoyant Goodyear pliolite®
particles were added to the water. Previously,pdmticles had been sieved to a size
range of 71um-1.4 mm and soaked in a soap solution, in ordeernwve air trapped
on the surface of particles. Then a clear watew flsas created in the flume for
gradually increased motor inputs, starting fromH:Oup to 70 Hz with a step of 10
Hz. The motion of white particles was monitorediagiaa black grid for one minute
using a digital video camera, which was focusedtlan center of the channel to
eliminate wall effects on the recorded speeds. hgiwght of focusing was the same as
the height of the sensors above the flume basesdfpmently, the particle speed at
each particular level could be obtained from treewirecordings. At the same time,
the flow speed was measured continuously with esmsisor for five minutes. The
resulting calibration curves of the LDV, ADV and EN are illustrated in the
figures 4.6, 4.7 and 4.8 respectively, while figu49, 4.10 and 4.11 show the
calibration of the three OBS sensors. Additiondilyure 4.12 shows the relationship
between the lid rotational speed and the azimdkhal speed.

LOW Calibration
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Figure4.6 The calibration of the LDV sensor
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Figure4.12 The Lab Carousel calibration curve. For eadlrdtation speed, the azimuthal
speed of a clear water flow was measured at theeceh the flume channel at a height of
0.15 m above bed.

4.3 Schedule of experiments

Two series of flow deceleration measurements warget out in the Lab Carousel.
For both, the maximum flow velocity was 1m/s, ahd temperature of the fluid in

the flume was 14C. In the first experimental series clear wates baen used in

order to provide controls. For clear water runshwitthe Lab Carousel, a well
developed boundary layer with a thickness of ~ Om2had been previously
confirmed for a range of smooth flows by velocinetmeasurements, obtained with
the Laser Doppler Velocimeter (Thompson et al.,300n the second series of
experiments, clay suspensions were used with differconcentrations of the
suspended material: 0.1 g/l, 0.5 g/l, 1 g/l, 3 §/4/l, 10 g/l, 20g/l, 40 g/l and 60 g/I.
For each concentration the whole procedure wastegehree times.

Commercially available potter clay (Briar Wheeldplka White Earthenware) was
used in the preparation of the considered water{tixtures to a total amount of 27
kg. The water content of the clay was 21.6% angaisicle density was 2.65 g/ém
The XRD analysis of a potter clay sample showed thaconsisted mainly of
kaolinite. It didn’t contain organic matter, whitguartz and illite were detected in
negligible amounts. The mean size of the partickess 0.006 mm. For each
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concentration a suitable amount of clay materiahb{@ 4.1) was dissolved in
freshwater up to a total fluid volume of 0.349 ki order to achieve a flow depth of

0.4 m within the Lab Carousel.

Concentration (g/l) Clay mass (kg) Fluid density

(kg/m?)

0.1 0.04452 1000.062
0.5 0.2226 1000.31
1 0.4452 1000.62
3 1.3355 1001.86
5 2.2258 1003.1
10 4.4515 1006.2
20 8.9031 1012.4
40 17.8061 1024.8
60 26.7092 1037.2

Table4.1 Clay concentration and fluid density

During each experiment the data were initially releal under still water conditions
for five minutes to evaluate the offset of the sgasand then the flow speed was
gradually increased up to 1 m/s. This constantosiof the flow was maintained for
at least five minutes, so that a complete adjustroérthe water column could be

achieved with a subsequent fully developed bottonmidary layer. Then, three fluid
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samples of volume 100 ml were collected, usingthinee sampling ports fitted on the
wall of the flume at heights similar to those oé tBBS sensors. The samples were
filtered and the filtrate was oven dried af 4Dfor 24 hours. After weighing the dry
sediment, the exact concentrations were determaradl they were used in the
calibration of the OBS sensors. After the samplesewaken, the lid was lifted out of
the flow using the hydraulic jack and the subsetueceleration of the suspension
was recorded by the ADV, and EMCM over the nexn80utes. The LDV could not
measure effectively for flow velocities higher tha.35 m/s, so it was not used in the
second series of deceleration experiments. For ecarations of the suspension
higher than 1 g/l the OBS sensors became satusstgdherefore no useful records
could be obtained from these sensors.

4.4 The Flow Deceleration Method

The method of flow deceleration @3) has been previously used in reliable and fast

estimations of the bed drag coefficied@ () for smooth and rough turbulent flows in

the Lab Carousel (Thompson et al., 2003; 2004). mk&hod is based on Newton’s
second law (8.3) according to which the drag force, exerted splid boundary to a
decelerating given mass of an inviscid fluid, isgrtional to the deceleration of the
fluid mass. Therefore, the estimation of the dragfiicient can be based on the
inversion of this proportionalitylt is proven that with the flow deceleration method
we can efficiently estimate the drag coefficienter a wide range of Reynolds

numbers.

The drag force k), which is exerted on a fluid mass by a rigid bdany and

summed over a given time, causes a changieeimmomentum of the fluid mass. This
change in fluid momentum represents the transfemofmnentum from the fluid
normal to the bed, taking place across the bounttargr. The fluid momentum
transfer per unit area per unit time is expressed deceleration of the given fluid
mass, which in turn results in the growth of a e#logradient. Consequently, the

drag force €, ) and hence, the shear stres9 are proportional to the rate of velocity

change in the decelerating fluid mass. In suchse,dhe drag coefficienq)) is the
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factor of proportionality between the shear st(gssand the flow velocity ). Thus,

using mathematical formulation it is:

Eq4.1
Fo = m% =TA q
dt
It is also:
_ - 2
r—CD(z)p Uz Eq4.2

Eq4.2 is based on the assumption that the experitiémigs are within the turbulent
regime, where the variation of drag coefficientaaspecific height above bed is not
significant (Soulsby, 1983). The combination of @) and (Egt.2) results in:

_mdu 1 Eq4.3
D(2) A dt pa(z)z

where CD(Z) is the drag coefficient at heigl#t, m is the fluid massAis the wetted
area or wetted perimeter per unit length (in féet &rea of interaction),d) is the

fluid density and Uy is the mean flow speed at height averaged over a 1 second

time interval. The drag coefficient can be caloedafrom Eq4.3 if the change in
velocity with time is estimated from the mean flspeed over a 10 seconds interval.
It is assumed that the rate of deceleration is temghroughout the flow velocity
measurements. This assumption is confirmed by vasen of the decelerating fluid
mass. The method shows the advantage of ease ttajom, as it permits an

accurate estimate o€, simply from data obtained entirely from pointoety
measurements. This means that with the flow deatsder method it is not necessary
to obtain velocity profiles, which introduce certatomplications in the measuring

procedure.
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4.5 Estimation of drag coefficient and shear stress

The aim of the laboratory measurements undertakeéhis work is the estimation of
the bed drag coefficient and bed shear stress erflah smooth bed of the Lab
Carousel using the method of Flow Deceleration. @fag coefficient given by Eq
4.3 is the total value of the drag coefficient,resgnting the total drag force exerted
by the flume walls and base. Thus, the wetted #&ea Eq4.3 is equal to the total
wetted area of the flume=(5.521m%. Considering clear water flows, the fluid

densityp in Eq4.3 is equal to the density of fresh watgr51000 kg/ni), while
m=349.7kg, which is the mass of water in the flume fotoavfdepth of 0.4 m. In the
suspension flowsm=m_, where m_ is the total mass of the clay-water mixture,

calculated as the sum of the water mass plus thes méthe clay added to the

suspension, thus:

m, =3497+m Eq4.4

clay

In the same way the density in BB is the bulk density of the clay-water mixture
(Table4.1), calculated as:

£ =1+0.00062 Eq4.5
where C is the suspended clay concentration.

The bed componerf of the total drag force is given by:

D (bed)

FD(bed) = FD(totaI) - FD(WaII) Eq4.6

where Fo wan is the wall component of frictional drag. It is@ls
Eq4.7

= S [ q

— 2
D(bed) — CD(Z)(bed)p U Apeq dt

58



where Abe " =0.872m°. As it was mentioned in481, the base and walls of the Lab

Carousel are made of the same material (acrylid) reve a flat smooth surface, so

we can assume that > C (Thompson et al., 2004). Therefore, the value of

D(2)(total)
the bed drag coefficient can be calculated fromdEjfor each concentration of the
suspended sediment, while the bed shear strasslerived from Edt.2. It is obvious
that if the value of the bed drag coefficient iowm, then the bed shear stress can be

calculated from simple point-velocity measurements.

4.6 Viscosity calculation

It is known that the dynamic viscosity coefficieot a fluid is influenced by the
presence of sediment particles in suspension. Tiseosity of a water-sediment
mixture exhibits a significant deviation from thatclear water for concentrations of
suspended particles higher than about 50 kg¥fan Rijn, 1993). In Figurd.13 the
relationship between the relative dynamic viscosipefficient ny, /n (whereny, =
dynamic viscosity of the fluid-sediment mixture= dynamic viscosity of clear fluid)

and the suspended sediment concentration is dliestifor natural muds.
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Figure4.13 Dynamic viscosity coefficient plotted agaissspended sediment concentration

for natural muds in The Netherlands (Winterwerplet1991)
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Einstein (1906) studied the effect of elastic, sjula¢ particle movements on the
viscosity of dilute suspensions wi@y < 0.1. The volumetric sediment concentration

Cv Is calculated as:

C :ic Eq4.8

where C is the mass concentration apg is the density of sediment particles, taken

equal to 2.65 g/chn An increase in dynamic viscosity with increasaancentration
(Figure4.14) was observed, according to the formula:

n, =n@+25C,) Eq4.9

Bagnold (1954) conducted experiments with highetume concentrations of
suspended sediment in the rangeCof=0.1- 0.6 and also found an increase of the

dynamic viscosity, expressed as:

n,=n@+A4)@2+051) Eq4.10

wherel is a dimensionless concentration parameter with[( 0.74/ Q,)% -1

Einstein, n,=n(1+2.5C,)

0,00121
0,0012 - y = 1E - 06x + 0,0011
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Figure4.14 Dynamic viscosityrf ) versus concentration for the clay-water mixtursed in

the experimentsi{is the dynamic viscosity of the water aC@}
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Lee (1969) suggested the empirical relationship:

n,=n@-Cc,)? Eq4.11

in which a=-(25+1.9C, + 7.7C,?) .

Graf (1971) observed that in a two dimensional cehrflow with sediment in
suspension the downward flux of sediment due tifirsgetvas balanced by an upward
flux due to turbulent lifting of material. In thsase the suspension was considered to
be stable, so that the dynamic viscosity of theinsedt-water mixture could be
approximated by:

n, =n(l+ 25C, + 625C,* +1562C,° +...) Eq4.12

where ny, is the dynamic viscosity of the sediment-watertong, n is the dynamic
viscosity of clear water, an@y is the volumetric sediment concentration. Thermfor
the dynamic viscosity of a sediment-water mixtureichannel flow can be predicted
from Eq4.12, using only terms up to the third order. Adiog to Graf the effect of
the suspended particles concentration on the dynasscosity of the clay-water
mixtures used in the present experiments, is degict Figure4.15.

Graf, n,,=n(1+2.5C\+6.25C, +15.62C\>+...)

0,25 - -
y =8E - 07x” + 1E - 05x" + 7E-05x + 0,0012

R%2=1

n, (kg/ms)

0 20 40 60 80
Concentration (g/l)

Figure4.15 Dynamic viscosity of clay-water mixtures asiaction of clay concentration
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In the present study, the relationship propose@&isf (1971) has been used in the
determination of dynamic viscosity for the varioasncentrations of clay-water
mixtures (Table4.2). In this way the effect of increasing viscpin the values of
drag coefficient and bed shear stress obtaineddyldw deceleration method, could

be evaluated.

, Volumetric N, (kg/ms)
Concentration , Nm (kg/ms) _ _
Concentration (Einstein,
(al) (Graf, 1971)
(%) 1906)
0 0 0.001137 0.0011373
0.1 0.003773443 0.00114783 0.001148029
0.5 0.018864365 0.001193274 0.001190936
1 0.037721614 0.00125529 0.001244552
3 0.113079533 0.00157498% 0.001458813
5 0.188323917 0.00204294 0.001672752
10 0.37593985 0.00415354 0.002206191
20 0.74906367 0.01471799 0.003267075
40 1.486988848 0.07947011 0.005365181
60 2.21402214 0.23501133 0.007432318

Table4.2 The values of Mass concentration, Volume péraed Dynamic viscosity of the
clay suspensions used in the experiments. For wlatar the value of dynamic viscosity at

14° C has been used.
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5 Results

The velocimetric data obtained as described .3 were further processed using
Visual Basic for Applications. The results presente this chapter, concern clear

water runs and suspension flows of water-kaolimbetures.

5.1 Clear water flows

Two examples of decelerating clear-water flows stiewn in Figure5.1 and 5.2,
recorded by the ADV and EMCM sensors respectivaljpoth cases the velocity data

were averaged over one second. Fighbiré shows the bed drag coefficient )

plotted against flow velocity in the Lab Carouséie data were recorded by the ADV
and averaged over 20 seconds for clarity. The deefficient is shown to decrease
rapidly with increasing velocity in a quadratic igen up to a value of about 0.1 and
then tends asymptotically to a constant value afual®.01. The same pattern is

observed between drag coefficier€ () and Reynolds numberRe) (Figure 5.4),
confirming the fact that the drag coefficient ist mmnstant but a function of the
Reynolds number. The medl) value for the maximum flow velocity was calculated
as 0.002. Figur®.5 shows a quadratic increase in shear stressimatbasing flow

velocity, described by the relationship= 08%u®+ 2411+ 009 R*=097 The
results shown in the figures 5.3, 5.4 and Bdnfirm previous observations by
Thompson et al., (2004). Data obtained with EMCMegaimilar results (Figuré.6
andFigure5.7) and a meal€, value for the maximum flow velocity of 0.006 was
derived. The data shown are averaged over 20 sectinghould be stressed that the

drag coefficient estimations from EMCM recordingave been based on flow
velocities measured at a height of 0.15 m abovdiihee base.
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Figure 5.1 A typical deceleration time series recordediliy ADV at a height of 0.01 m
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Figure5.2 An example of decelerating flow recorded by BEMCM at 0.15 m above the

flume bed. The data have been averaged over 1cecon
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5.2 Turbid flows

A variety of turbid flows were simulated in the L&arousel using clay material
suspended in fresh water at nine different conaéiotrs: 0.1 g/, 0.5 g/l, 1 g/l, 3g/l, 5
g/l, 10 g/l, 20 g/l, 40 g/l, and 60 g/l. The clagter mixtures were accelerated up to
~1 m/s and then left to decelerate up to a finddorgy less than 0.01 m/s. During
each measurement the flow velocity of the decategatiuid was recorded by the
ADV and EMCM sensors at a height of approximatey10m and 0.15 m above the
flume base respectively. The sampling rate was 2%okHthe ADV and 2 Hz for the
EMCM. From these records the mean value of thedpbag coefficient was calculated
for four different velocity ranges: 0.8 m/s, 0.3sm0.3 m/s, and 0.1 m/s. The data
obtained by the Acoustic Doppler velocimeter haweerb considered as the most
reliable, and hence the most appropriate for theticodar purposes of this
investigation. This is due to the measurement heigtich is within the flow
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boundary layer in the case of ADV. Furthermore, A2V has a higher sampling
rate. Therefore, the drag coefficient and sheasstestimations for the sediment-
laden flows in the Lab Carousel have been excliisiveased on velocity
measurements obtained by the ADV. Tabl& shows the drag coefficient values
under the four different velocity ranges. It isatly exhibited that there is an increase
in C, at lower flow velocities and an overall decreabeCg values with increasing
concentration. The maximum decrease is also shawirable5.1 and suggests that

significant drag reduction has occurred, the higlg$%) being observed within the
range of 0.8 m/s (Figura8).

Concentration
0.8 m/s 0.5 m/s 0.3 m/s 0.1 m/s
(9/1)
0 0.004983 0.007544 0.012978 0.039609
0.1 0.004591 0.007914 0.014304 0.036547
05 0.004768 0.007934 0.012101 0.035081
1 0.004877 0.008979 0.013114 0.03846
3 0.005289 0.007854 0.011509 0.036689
5 0.003893 0.008164 0.012835 0.036341
10 0.003557 0.007247 0.009271 0.03211
20 0.00311 0.006823 0.0091 0.030339
40 0.003152 0.006274 0.008031 0.023615
60 0.00244 0.005605 0.007335 0.021079
Maximum
51.0 25.7 43.5 46.8
decrease (%)

Table5.1 The mean bed drag coefficient under varioliscity ranges (ADV data)
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ADV- Velocity range 0.8 m/s
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Figure5.8 The bed drag coefficient versus concentratorafvelocity range of 0.8 m/s

The same procedure was repeated for all of thevelacity ranges but this time the
increase in the total mass of the suspensionsinatieasing concentration was taken
into account. Therefore, the drag coefficient valueere normalised according to the
relationship:

:C * rTlotal Eq 51
D

m/vate r

CD(norm)
where m,,,., =34%Kg (= the mass of water in the Lab Carousel for a fibepth of
0.40 m), andm,,, =M,,, + M, - The normalised values of drag coefficient showed

the same pattern of a general decrease at higheewgwations (Figuré.9), although
the maximum reduction (%) was slightly lower (Tabl2).

Finally, the bed drag coefficient was normalisedhmsy relationship:

Eq5.2
c. =g *m as

D(norm) — n
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In this way the effect of the increased viscositgswemoved. Decreased values of
drag coefficient were still observed at high concaions compared to clear water

flow, however the occurred drag reduction was sngllable5.2).

ADV- Velocity range 0.8 m/s

0.006
0.005 L’
0.0041 o

0.003 +
*
0.002 ~

Co*(Mtot/M water)

0.001 ~

0 10 20 30 40 50 60 70

Concentration (g/l)

Figure5.9 Mass-normalised drag coefficient versus coma&ah (Velocity range=0.8 m/s)

Velocity range
0.8 0.5 0.3 0.1
(m/s)
Co 51.0 25.7 43.5 46.8
CD*mtota|/mwater 473 200 392 427
Co*(nw/N) 49.2 22.9 41.3 44.8

Table5.2 Maximum decrease (%) of drag coefficient fariaas velocity ranges

Furthermore, in figures 5.8 and 5.9 two ranges rafydcoefficient values can be
distinguished: one corresponding at lower concéotra (0-3 g/l) and a second one
corresponding at higher concentrations (5-60 dH).the first range the drag
coefficient appears more or less constant, suggestiNewtonian behaviour of the
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dilute suspension flows. For the high concentraaspensions the drag coefficient
decreases with increasing concentration in a liveay, indicating a distinct range
where drag reduction occurs. The distinction is enolbvious on a semi-logarithmic

plot of C_ against concentration (Figusel0).

Velocity range 0.8 m/s

0.006

0.005 Lol o051

0.004 *5

0.003 ¢ 20 ¢ 40
¢ 60

Co

0.002

0.001

O T T
0.1 1 10 100

Concentration (g/l)

Figure5.10 Drag coefficient versus concentration for &ciey range of 0.8 m/s. The line

separates the two areas of dilute suspension fibasonstanc, and drag-reducing flows.

The decrease (%) i€, values for various velocity ranges is shown inuFéb.11

and Tables.3. The decrease was found to increase with isgrgalay concentration,
although it didn’t show a distinct trend with resp& the flow velocity.

A similar behaviour was exhibited by the shear sstrewhich increased with
increasing flow velocity and decreased with inciegsconcentration of clay
suspensions (Figure 12, Table5.4). These observations are valid for the normalised
values of shear stress as well, where the effetheincrease in mass and viscosity
are removed (Figurg.13, Figures.14, Tables.5). For the higher concentration flows,
the observed reduction (%) in shear stress incseasegh increasing clay
concentration, while the general trend is for areéase at low flow velocities (Table
5.6, Figureb.15).
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Figure 5.11 The effect of clay concentration and flow w#lp on the decrease of drag

coefficient

Concentration | 0.8 m/s 0.5 m/s 0.3 m/s 0.1 m/s
(9/l)
5 21.9 -8.2 1.1 8.3
10 28.6 3.9 28.6 18.9
20 37.6 9.6 29.9 234
40 36.7 16.8 38.1 40.4
60 51.0 25.7 43.5 46.8

Table 5.3 Reduction (%) in drag coefficient for variou®w velocities in high clay

concentration suspensions
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Figure 5.12 Bed shear stress versus concentration fotedsduspension flows and drag-

Concentration (g/l)

reducing flows (velocity range = 0.8 m/s)
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Figure5.13 Mass-normalised shear stress versus condent(eglocity range = 0.8 m/s)
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Figure5.14 Viscosity-normalised shear stress versus obrat®n (velocity range = 0.8 m/s)

Concentration 0.8 m/s 0.5 m/s 0.3 m/s 0.1 m/s
)

0 3.85737 1.920406 0.830979 0.395015
0.1 3.371136 1.774336 0.86809 0.308307
0.5 3.353654 1.925812 0.854066 0.272073

1 3.400544 2.108657 0.733637 0.376071

3 3.648037 1.652226 0.859978 0.370845

5 2.855003 1.826071 0.994936 0.3654(L
10 2.615835 1.620728 0.691349 0.316658
20 2.374434 1.74421 0.748644 0.323129
40 2.399525 1.558216 0.660009 0.292177
60 2.243233 1.212585 0.544612 0.355817

Table5.4 The mean bed shear stress under various coatems and flow velocities
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Flow velocity 0.8 m/s 0.5 m/s 0.3 m/s 0.1 m/s

\"i4

T 41.8 36.9 34.5 9.9
T*(M oy Myater) 37.4 32.0 29.4 3.0
*(Nm/N) 38.6 33.3 30.8 4.8

Table5.5 Maximum decrease (%) in shear stress for vanelocity ranges

45.0
40.0
35.0 ~

30.0 ¢0.8m/s
2501 ¢ X m0.5m/s
20.0 Xy A A03m/s
15.0 ] X 0.1 m/s
10.0 & X

5.0 -

0.0 & : : :
20 40 60 80

Concentration (g/l)

mX

Decrease in shear stress (%)

o

Figure5.15 The effect of clay concentration and flow e@lpon the decrease of shear stress
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Concentration | 0.8 m/s 0.5 m/s 0.3 m/s 0.1 m/s
(9/l)
5 26.0 4.9 0.0 7.5
10 32.2 15.6 16.8 19.8
20 38.4 9.2 9.9 18.2
40 37.8 18.9 20.6 26.0
60 41.8 36.9 34.5 9.9

Table 5.6 Reduction (%) in bed shear stress under varilmys velocities in high clay

concentration suspensions
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6 Discussion

It has been widely recognised that the presencdingfgrained sediments in
suspension flows can significantly modify the stane of the boundary layer and
therefore affect the frictional drag (Dyer, 1986eia & Dyer, 1990; Komatina and
Jovanovic, 1997). It was proved that the bed skgass derived from either velocity
profile measurements or the quadratic stress lamsedb on a single velocity
measurement at a fixed height would be overestunateclay suspension flows if
turbidity levels are not considered (Gust, 1976st@uWalger, 1976). This has been
explained by the existence of the drag reductioenpimenon, which results in the
decrease in shear stress in the viscous sublalggivecto the apparent shear stress in
the logarithmic layer. The results presented inpbdreb are found to be in line with
earlier findings (Gust, 1976; Best & Leeder, 1988& Gust, 2000, Amos et al.,
2003), and they confirm the occurrence of drag ¢gdn in flows with concentration
of clay suspended matter up to 60 g/l. The redaatidbed drag coefficient and shear
stress under four different flow rates is listedlable5.3 and Tablé.6 respectively.
The maximum decrease (~ 50%) in drag coefficiergrahe range 0-60 g/l was
observed for clay concentration equal to 60 g/larradflow velocity range of 0.8 m/s.
In a similar way, the maximum decrease in sheasstwas ~ 40% for 60 g/l and flow
speed of about 0.8 m/s. Figusell and Figur®.15 show that higher reductions occur
systematically at higher concentrations, supporpngvious observations by Li &
Gust (2000). From both figures (5.11 and 5.153% toncluded that the effect of flow
strength on the decrease in drag coefficient am@rshktress values doesn't show a

distinct trend.

In Figure 5.9 the normalized (for mass increase) bed drafficent is shown to
decrease at high clay concentrations but to a emaktent than that observed if the
effect of the increased mass of the suspensioatisansidered. Tablg.2 shows that
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the maximum reduction (%) in drag coefficient, det@ed for the maximum
suspended clay concentration of 60 g/l relativah® clear water flow is slightly
lower, if we consider the normalized values of deagfficient. In other words, if the
effect of the increased mass and higher viscoditth® suspension is removed by

normalization, then drag reduction is still obsebeit to a lower extent.

In Figure5.13 and 5.14, wherthe normalised shear stress (for increased mass and
increased viscosity respectively) is plotted agacencentration, the same shaped
relationship is observed, as in the case of thg do&fficient (Figuré.10). However,

for a given flow velocity range the reduction (%) shear stress is lower if the
normalized values are considered (Tdh&g). The effect of the increased viscosity of
the suspension on the reduction of both drag aeiffi and shear stress, appears to be
slightly lower than the effect of the increased snakfluid-sediment mixture (Table
5.2 and Tabl&.5).

In earlier experimental investigations, variouseymf clay minerals have been used
in the preparation of the suspensions, suchixsures of illite and montmorillonite
(Gust, 1976), mixtures of kaolinite and illite (Beand Leeder, 1993), or pure
kaolinite (Li and Gust, 2000), as in the presemesinents. The results from all these
experimental studies agree because drag redua@®bden demonstrated in all cases.
This implies that the type of suspended clay misedoes not play an important role
in the drag reduction phenomenon and this is alsppated by the current

experimental work.

Regarding the mechanisms of the reduction in dtag.known that for a given flow
velocity range, a sufficient increase in suspersistiment concentration results in an
increase in turbulence suppression near the solithdaries, which in turn leads to a
decrease in the bed shear stress. This effect wasured by Cloutier et al. (2003) for
suspension flows in the Lab Carousel3(8). Therefore, the turbulence damping in
the Lab Carousel could be responsible for the ssiass reduction, which has been
observed in the measurements. Besides, Gust (18&6¥sured velocity profiles in
suspensions of clay concentration 150-380 mg/Ifandd that the viscous sublayer
increased by a factor of 2-5 under the particubggeeimental conditions. In the

present experiments in the Lab Carousel the ‘tmirigg of the viscous sublayer
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could also account for the drag coefficient suppoes although the thickness
enhancement was not determined by velocity prafilin

6.1 Summary and conclusions

Experimental results regarding flow resistance nmoath turbulent sediment-laden
flows are presented. The range of suspended clageabration in the experimental
flows was between 0-60 g/l. The friction factor @frag coefficient) in a sediment-
laden flow is compared to a friction factor in aju&valent clear-water flow. The drag
coefficient in all experimental runs was determitgdhe Flow Deceleration method
in the Lab Carousel. The following conclusions arade: the water-clay mixtures
exhibit the drag reduction phenomenon if the cotre¢ion of the suspended clay
solids is appropriately high. For the analysed ikétel clay suspensions, the decrease
in drag coefficient is evident at concentrationseroabout 3 g/l, which is in
accordance with findings reported in literaturedtrer types of solid-liquid mixtures.
The observed reduction in drag coefficient and slseess can be attributed to

turbulence suppression due to mechanical caushewlite Lab Carousel.

Additionally, it was confirmed that the method W deceleration is a practical tool,
used in fast estimations of the drag coefficierd associated shear stress. Its main
advantage comprises of the ease of applicaisna simple measurement of point-
velocity is required at the considered height waittie water column.

The study of turbulent flows and their ability toansport sediment and develop
bedforms is based on experimental work where cheier has routinely been used
(Van Tassell, 1981; Grant et al., 1984; Komar, 198a&ntin & Leeder, 1987). As a
result, there is a lack of data concerning seawlders transporting clay solids in

suspension (Dyer, 1989). Therefore, three possialgs in which the present work
could be developed, are recognised. First, a matensive series of laboratory
simulations is needed, to investigate the effechigher clay concentrations on the
drag coefficient and shear stress values. In pdaticthe work described in this thesis
has been further extended to concentrations u®@g2 (Thompson et al., 2006), so

that the effect of the increased viscous resistamcéhe reduction of the bed drag
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coefficient could be examined. The second recomatsnd is for an additional series
of experiments with clay suspended in seawatethere is a lack of data concerning
sediment-laden seawater flows. The third optiothésintroduction of hydrodynamic

roughness within the experimental turbid flows.

To the above future improvements one could addinkestigation of motion of

suspended sediment mixtures, consisting of cohesidenon-cohesive particles. This
problem has not received particular attention so d##though mixed sediments are
very common in coastal and estuarine environmétnitsis been widely observed that
muddy sand-beds may contain only a small amoustayf minerals. However, they
exhibit a non-newtonian response under threshotdiitons. In an extended future
laboratory investigation, a combination of clay eral with fine-grained sand could
be used, the fine-grained sand consisting of grairdifferent grades from very fine

to medium.
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An evaluation of bed shear stress under turbid flows
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[1] This paper investigates the effect of various turbidity levels on the drag coefficient and
bed shear stress in decelerating flows over a smooth bed. Turbid flows were simulated
i a laboratory annular flume (Lab Carousel) using clay suspensions of different known
mass concentrations. Flow velocity measurements were taken in the turbulent boundary
layer and the values of bed drag coefficient and shear stress were calculated using the
method of flow deceleration. Results showed that the bed drag coefficient responds
significantly to an increase in the suspended sediment concentration (up to 20 g\L)
showing a decrease of up to 50% in drag due to turbulence suppression. However,
subsequent increases in mass concentration resulted in an increase in the drag coefficient
reaching the clear water value at approximately 200 g\L because of the influence of
viscosity. Thus the application of the law of the wall in flows of high concentrations of
suspended cohesive sediments up to 200 g\L results in overestimation of the bed shear

stress.

Citation: Thompson, C. E. L., C. L. Amos, M. Angelaki, T. E. R. Jones, and C. E. Binks (2006), An evaluation of bed shear stress
under turbid flows, J. Geophys. Res., 111, C04008, doi:10.1029/2005JC003287.

1. Introduction

[2] Entrainment and the transportation of cohesive mate-
rial in suspension occurs by tidal currents in estuaries and
tidal flats, by storm surges and tidal currents on the
continental shelf, and by turbidity and thermohaline currents
in marine basins. Entrainment is the rule rather than the
exception, yet effects of SPM on flow character and shear
within these settings is ambiguous. Traditionally studies on
the ability of flows to transport sediment have focused on
experimental work in clear water [Grant et al., 1984;
Komar, 1985; Pantin and Leeder, 1987]. Thus the determi-
nation of the correct value of friction factor in the presence
of suspended sediments has remained unresolved [Khullar
et al., 2002].

[3] Material entering into suspension in a moving fluid
may cause changes to the flow characteristics that affect the
resistance to the flow [Khullar et al., 2002). Li and Gust
[2000] measured directly shear velocity in the viscous
sublayer of a steady, unidirectional flow: they showed it
was reduced by up to 70% relative to the clear water
profile—derived shear velocity using law of the wall, and
hence greater drag reduction resulted by increasing concen-
trations of clay in suspension. However, studies carried out
by other researchers have shown that friction factors of rigid
boundary channels increase with increasing SPM [Yano and
Daido, 1964; Taggart et al., 1972; Ippen, 1973; Lyn, 1991].
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[4] The effect of suspended sediment on flow resistance
can be evaluated by %alculating the drag coefficient (Cpy,,

U, -
where Cp(,y = | — | ), a parameter used to transform flow
U

velocity (measured at height z in the flow) to friction
velocity or bed shear stress. However, it is erroneous to
assume a constant value of Cpyy,, irrespective of flow
strength, structure, turbidity level, and bed roughness
[Sternberg, 1972].

[s] Many experiments in the past cover a range of
concentrations ~2-3 g/L [Amos et al., 1992; Best and
Leeder, 1993; Gust and Walger, 1976; Li and Gust,
2000]. The purpose of this work is to extend the results
on the effects of concentration of fine suspended sediment
on the bed drag coefficient and shear stress into the fluid
mud range (up to 200 g\L) in the light of previous work.

[6] The experimental work was carried out in a laboratory
annular flume — the Lab Carousel, and consisted of mea-
surements of the flow of clay suspensions at various known
concentrations over a smooth flat bed. An annular flume
was used as flow turbulence, flow structure and drag may be
considered radially symmetrical (Couette), hence simplify-
ing measurement. A full discussion of the problems asso-
ciated with amnular flumes and the justification for using
one for bed drag coefficient calculations is given by
Thompson et al. [2004].

2. Mechanism of Drag Reduction

[7] If suspended material is cohesionless, the flow is
Newtonian and only von Karman’s constant k and kinematic
viscosity v are altered by the suspension [Hunt, 1954]. The
latter effect was demonstrated experimentally by Gust [1976],
who found that the universal law of the wall was not

C04008 1 of8
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applicable to dilute seawater-clay suspensions in a laboratory
channel. The friction Velocity u* = (TQ/{))U 2 where 7, is the
bed shear stiess and p {van Rijn, 1993;
Soulsby, 1983] is computed from mean streamwise velocity
measurements in the logarithmic layer of the turbulent benthic
boundary layer. The friction velocity (ux) of hydraulically
smooth Newtonian fluids is calculated by solving:

is fluid ucu:uy,

i, /ux = 1/kIn(zii/v) -+ Cy (1)

where u = local mean streamwise velocity, z = vertical
distance, and v = kinematic viscosity. In equation (1): von
Karman’s constant, k has been found experimentally to be
0.38-0.41 and C; is an empirical coefficient found
empirically to be 5.5 for clear water. The law of the wall
is only valid for equilibrium benthic boundary layers under
fully developed turbulent smooth Newtonian flows. How-
ever, Gust [1976] states that C; changes once sediment is
suspended in the water coiumn. The significance of drag
reduction to the phenomena of sediment transport has been
examined extensively for the case of the formation and
behavior of fluid muds [Mehta and Dyer, 1990]. However,
the mechanics of clay behavior in the development of fluid
muds and the consequent effect on the phenomenon of
sediment transport is less well known. For example, Fortier
and Scobey [1926] found that the permissible (artificial)
channel veiocities to exhibit scour were higher in turbid
water than for clear water. They suggested, erroneously, that
the deposited cohesive particles cemented the bottom
material, and in so doing became less subject to the erosive
action of the flow. In fact drag reduction, which occurred in
their experimental smooth and rough flows, decreased the
bed shear stress to subthreshold values. This is evident in
the work of Gust and Walger [1976], who conducted flume
and field experiments in which clay suspensions in seawater
caused drag reduction (20-40%) leading to an over-
estimation in bed shear stress from the law of the wall:
they used mixtures of illite, kaolinite and chlorite at
(relatively low) concentrations less than 380 mg\L. They
proposed that the observed turbulent drag reduction at such
low concentrations is caused by dynamic interaction
between turbulent shear strain in the flow and energy
required to deform suspended aggregates.

[8] Best and Leeder [1993] confirmed drag reduction in
turbulent seawater flows through laboratory experiments
using a nonintrusive laser Doppler anemometer to measure
flows in clay suspensions of up to 2.2 g\L. They found that
increasing the concentration of clay caused progressively
lower velocities near the wall because of a gradual thick-
ening of the buffer region of the turbulent boundary layer.
Several aspects of sediment transport, deposition and bed
form development in natural marine environments are thus
considered to be significantly affected by drag reduction.

[s] Flocs of some clay minerals may extend into a long-
chain structure similar to polymer molecules [Wang et al.,
1998]. This long-chain structure damps turbulence leading to
drag reduction. It has been demonstrated that these long chains
thicken the viscous sublayer or buffer layer below the loga-
rithmic layer [¥irk, 1971], so greater mean velocities in the
logarithmic layer are needed to maintain the equivalent critical
(fluid-transmitted) friction velocities u-.; for erosion of a
subaqueous substrate than is the case for clear water flows.

THOMPSON ET AL.: BED SHEAR STRESS UNDER TURBID FLOWS

C04008

Wang et al. [1998] found that flocs in a high-concentration clay
suspension connect together and form a three-dimensional
skeleton structure. This has a certain strengtn that resists the
shear stresses across the structure. This skeleton was found to
suppress turbulence, but also resulted in higher viscous shear
than clear water flows.

[10] It has been proposed that all types of elastically
deformable aggregates, which can form from bioaggrega-
tion, will cause drag reduction in natural turbulent flows.
Other rheological properties like thixotropy or dilatancy of
suspensions could also change the behavior of turbulent

flows and cause this phenomenon [Gust and Walger, 1976].

3. Measurements of Stress Reduction in
Annular Flumes

[11] Amos et al. [1992] developed, tested and calibrated a
benthic annular flume, the Sea Carousel, and found that for a

constant mean velocity, the shear velocity (measured usine a
an veiocny, 1€ar veiolity ymeasureg using a

hot film probe) dropped 5—10% when the mud concentration
was increased from 0 to 280 mg\L. A relationship was thus
proposed between drag reduction and clay concentration that
was applied to estimates of bed shear stress in eroding flows
within the Sea Carousel while being used on the Fraser River
delta [Amos et al., 1997]. This stress reduction algorithm is in
agreement with Li and Gust [2000], who studied turbid flows

in a straight laboratory flume.

[12] The effect of suspended sediment concentration on
flow turbulence in a laboratory annular flume, the Lab
Carousel, was investigated by Cloutier et al. [2002]. Three
components of a constant mean flow (of 0.57 m/s) were
recorded at 25 Hz using a 3-D Acoustic Doppler Velocim-
eter (ADV). It was shown that turbulence intensity and
energy dissipation rate of the flow decreased by nearly 30%

of the clear water values over the range 0.2-4.8 g\L. The

observed reduction of turbulence was found to cause a
significant reduction in bed shear stress and consequently
a diminution of the erosion and resuspension processes.
[13] The laboratory experiments undertaken within this
project, deal with the determination of the drag coefficient
of fluid muds at concentrations up to 200 g\L using the
method of flow deceleration in an annular flume [7hompson
2004]. The purpose of this study is to extend
measurements into the region considered dominated by
“fluid mud’ (viscous) behavior.

et al,

4. Methods

[14] The Lab Carousel (Figure 1), the laboratory equiv-
alent of the Sea Carousel [4mos et al., 1997, 1992], was
used in this study. This annular flume is constructed of
smooth acrylic and is 2 m in diameter; it has a workable
channel width of 0.15 m and a maximum water depth of
0.40 m. A current is generated within the channel by means
of a rotating lid, fitted with 8 paddles. The speed of rotation
is controlled by an E-track™ AC inverter motor controller.
The motor is placed upon an hydraulic jack, so the lid can
be lifted out of the water while it is still rotating; the flow
subsequently decelerates because of the influence of drag
over the wetted area. The flume is equipped with two
current measurement devices: (1) a one-dimensional class
IIIb, Helium-Neon, 10 mW Laser Doppler Velocimeter

2 of 8
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The Lab Carousel: the LDV and the digital

camera are shown
camera are snown.

Figure 1.

(LDV) that measures the tangential component of the flow
velocity at 20 Hz at the channel centre at a height of 0.15 m
above the bed and (2) a single point ADV that measures
three components of flow (tangential (x), radial (y) and
vertical (z)) at a rate of 25 Hz, and a height of ~0.01 m
above the flume bed.

[15] It is known that the ADV sensor introduces drag to
the flow. However, this drag is measurable, and the effect
was determined using the LDV by comparing clear water
deceleration rates with and without the intrusive sensors.
The flow character and structure of the boundary layer
within the Lab Carousel have been studied by Fung
[1995] under varying flow speeds in clear water and over
a smooth (acrylic) bed. Thompson et al. [2004] have made
an accurate determination of the bed drag coefficient using

the flow deceleration method for clear water conditions

using the Lab Carousel, and the wall effects on flow have
been defined. The drag coefficients for a variety of bed
types have been determined in clear water and the effect of
the drag of naturally rough beds on the mean bed shear
stress has been defined.

[16] Graham et al. [1992] measured the radial distribu-
tion of bed shear stress in a laboratory annular flume using
hot film probes. A very close agreement was found between
these sensors and stresses determined from measured
velocity profiles using laser Doppler anemometry.

5. Calibration

[17] The assessment of stress reduction is predicated on
accurate measurements of flow velocity. Calibration of the
velocity sensors was checked by measuring trajectories of
particles suspended in the flow, recorded using a digital
video camera. The calibration was undertaken with fresh
water at room temperature (~18°C), in the Lab Carousel
which was filled to a depth of 0.40 m. Prepared neutrally
buoyant Goodyear pliolite™ particles were added to the
water. The white pliolite particles were filmed against a
black gridded background for a range of seven current
velocities, up to a lid rotational speed of 1.7 m s The
camera was focused on the centre of the channel to
eliminate those particles influenced by wall effects. The
particles were filmed at a height of 0.15 m above the smooth
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bed to correspond with the height of the LDV sensor. The
relationship between lid speed and mean tangential flow
velocity is shown in Figure 2.

[18] The optical backscatter sensors were calibrated by
taking three 100 mL water samples from the suspension,
one for each OBS height. The samples were filtered and
dried at 40°C for 24 hours. After weighing, the suspended
sediment concentration was determined gravimetrically.

6. Experimental Procedure

[19] The method of flow deceleration was adopted as the
standard for estimating the total drag within the flume (wall,
bed and internal). The method is based on Newton’s second
law, in which the deceleration of a flow is proportional to
the drag force in a balanced system of constant fluid

integrated method in so far as it is a manifestation of total
frictional drag. The flow deceleration method can be used to
estimate efficiently and quickly the drag coefficient over a
wide range of Reynolds numbers. Two series of flow
deceleration measurements were carried out in Lab Carou-
sel: the maximum flow velocity for both was ~1 m/s. The
first experimental series used clear, fresh water as controls
and standards. A well developed boundary layer ~0.02 m
thick was measured for a range of flows over the smooth
bed using the LDV [Thompson et al., 2004], and the
estimates of drag (Cpye) converged with the often quoted
value of 3 x 1073 [Sternberg, 1972]. The second series of
experiments used fresh water inorganic clay suspensions
with concentrations: 0.1, 0.5, 1, 3, 5, 10, 20, 40, 50, 60, 80,
110, 140, 170 and 200 g\L. The procedure was replicated
three times for each concentration. Tables 1 and 2 summa-
rize the expected fluid properties of the experiments. Note
the fluids tested ranged from “free settling behavior™,
through to “mobile fluid muds”; the upper limit corre-
sponds to the lower limit of stationary fluid muds which
possess yield strength by definition.

[20] X-Ray Diffraction (XRD) analysis showed the clay
to be composed mainly of kaolinite, which has a density of
2600 kg m >, The clay (Table 1) was mixed in 349.7 litres
of freshwater to yield a flow depth in the Lab Carousel. of
0.40 m The settling rate of kaolinite clays in fresh water was
found by Srinivas and Mehta [1989] tobe 2 x 10 °m s~ ' in

2
18 U,=0.778U,
R*=0.996

2]

14
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Figure 2. The clear water calibration of the Lab Carousel
tangential flow velocity.
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Table 1. Clay Concentration and Fluid Density of the Sluries
Used to Evaluate Stress Reduction

Fluid

Concentration, Total Suspended Densllﬂv Sediment Slurry
g/l Clay Mass—Dry, kg kg/m’ Behavior
0.1 0.045 1000 Free Settling
0.5 0.23 1000 Free Settling
1 0.45 1001 Floc Settling
3 1.3455 1002 Floc Settling
5 2.22 1003 Floc Settling
10 4.45 1006 Hindered Settling
20 8.90 1012 Hindered Settling
40 17.81 1025 Hindered Settling
50 19.33 1031 Hindered Settling
60 26.71 1037 Hindered Settling
80 28.41 1050 Fluid Mud (mobile)
110 39.79 1068 Fluid Mud (mobile)
140 48.86 1087 Fluid Mud (mobile)
170 59.82 1106 Fluid Mud (stationary)
200 67.71 1125  Fluid Mud (stationary)

the region of hmdeled settling, under an applied current of
0.05-0.1 m's ', Sediment settling during flow deceleration
is thus considered minimal.

[21] Data were recorded under still water conditions for
five minutes to evaluate the electronic offsets of the sensors
and to define zero drift (if any). Then the flow velocity was
accelerated to a speed of 1 m/s. The flow was maintained ata
constant velocity for at least five minttes to ensure complete
equalization of the water column (i.e., constant mean flow
and steady state) and to eliminate any bubbles that may have
formed on the flume walls. The lid was lifted rapidly out of
the flow by a hydraulic jack while spinning and the subse-
quent deceleration of the suspension was recorded by the
ADYV over the subsequent 30 min. The LDV could not
accurately measure flow velocities higher than ~0.35 m/s,
so it was used only as confirmation of results at lower flows.

7. Flow Deceleration Method

[22] The method of flow deceleration [Thompson et al.,
2004] relates the deceleration of an inviscid fluid of constant
and known mass (m) to the drag force (Fp) over rigid wetted

u
——). In

other words, for a constant fluid mass, the flow deceleratlon

boundaries summed over a given time (_ I Fp=
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0.008
—e— nm (Einstein, 1906)
0.008 | _g nm (measured)

0.007 /
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0.005
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oy e
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0.001

0.000
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Figure 3. Predicted dynamic viscosity versus the concen-
tration of clay suspensions over the concentration range
evaluated in this study.

The Quadratic Stress Law states that:
= Cp(zpll* 3)

Combining equations (2) and (3) yields a general solution for
the drag coefficient where all other variables are measured:
mdu; 1_,

e e § 4

Coe = A dt p -

7 is the mean time-averaged flow velocity (evaluated overa 1
second time interval) and A is the wetted area or wetted
perimeter per unit length (the area of interaction). The drag
coefficient is estimated from equation (4) where the change in
velocity with time is calculated from the time-averaged flow
velocity over a 10 second interval.

8. [Estimation of the Drag Coefficient and Bed
Shear Stress

[23] For a flat smooth bed the total drag coefficient
evaluated for a flow velocity measured at height (z),

Table 3. Mass Concentration, Volume Concentration, and
Dynamic Viscosity n,, of Clay Suspensions Used in Experiments®

AAAAAAAAAAAAAAA ~F i Far o fin - Volumetric
EchD a incasuic o1 ine llallbl:l O1 llJUlllUllu.llll o i niuia lU Concellmtion, Conce'ﬂtration, qms kg/'lns
the rigid boundary across the boundary layer through eddy o/L % o' kg/ms Measured
(inertial) and molecular (viscous) activity. The loss of mo- 0 0 0.00114 0.0009
mentum per unit area (A) per unit time (t) gives a measure of 0.1 0.00377 0.00114
the bed shear stress (). 0.5 0.0189 0.00116
1 0.0377 0.00118
du _ 2 0.0754 0.00122 0.001691
Fp=m— =74 ) 3 0.113 0.00127
5 0.188 0.00135
10 0.376 0.00156 0.001730
20 0.749 0.00199 0.001715
Table 2. Slurry Behavior for Fresh and Saline Conditions at 10°C 40 1.49 0.00283 0.001732
- 50 2.05 0.00347 0.00185
Saline (30psu) 60 221 0.00365 0.002229
Concentration,  Fresh Fluid Fluid Density, 80 2.08 0.00453 0.0036
gL Density, kg/m’ State keg/m’ 110 4.12 0.00583 0.0042
0 1000 Free Settling 1020 140 5102 0.00684 0.0050
0.3 1001 Floc Settling 1021 170 6.08 0.00804 0.0049
10 1006 Hindered Settling 1026 200 6.82 0.00889 0.00849
81 1050 Fl}lid Mud (mf)bile) 1070 For clear water the value of dynamic viscosity at 14°C (0.00114 kg/ms)
161 1100 Fluid Mud (stationary) 1119 has been used as a reference.
484 1300 Settled Mud 1318 ®From Einstein [1906].
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Figure 4. A clear water deceleration time series recorded
by the ADV in Lab Carousel.

including bed and wall effects Cp,yoay 1S given by
equation (5). Thus we have:

m  du: 1 \

Cpzttota; Ty & 72 (5)
where: Al is the total wetted area of the flume (5.521 m?),
and %, is the depth-averaged tangential flow velocity. For
clear water runs, m = 349.7 kg and p = 1000 kg/m” at 10°C.
For turbid flows, the total mass of the clay-water mixture is
calculated as the sum of the water mass (my,) plus the dry
mass of the clay (m,y,,) in suspension (m; = my, + Mgy,y,).

[24] The density term (p;) in equation (5) is the bulk
density of the clay-water mixture (see Table 1).
Thus the total drag force is:

2 )
Fpigotat = Cpizitorad) Pz Aosal) (6)

and it can be considered as the sum of a wall component and
a bed component of frictional drag. Thus

Fpitoary = Fpiwait; + FDibed)
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Figure 6. The clear water bed shear stress versus flow
velocity for the time series illustrated in Figure 4.

where

Fptbedy = Cpizy o) PUEA b (8)
and

Fppatty = CoizwattyPU2 A ssait o)

where Agpeq) = 0.872 m® and A = 4.646 m* As the bed
and walls are composed of the same materials, we assume
that: Cpy = Cagyrotary [Thompson et al., 2004].For each
concentration, the value of Cp,; (for a current measured at
z = 0.15 m) is calculated from equation (5) and the bed
shear stress 7, is derived from the formula:

To = Cpizjpeaspi U7 (10)

[25] The manifestation of drag through deceleration of
flow in our flume is influenced by (1) changes in mass,
(2) changes in viscosity, (3) changes in roughness, and
(4) changes in the hydraulic radius. It is unclear in the
literature at present which of these effects dominate the
transfer of momentum to the bed for a given level of
turbidity and relative bed roughness.

9. Viscosity of Flows

which yields:
F F F 7 [26] The viscosity of a fluid-sediment mixture (v,,) exhib-
Dibed) == F Ditotal) — FD(wall) 7 . e o
’ ) its a significant deviation from that of clear water for
1000 - :
* - .

100 .
ey . -
5 1
2 ‘.
£ e,
v *
g 1 ’z‘
o %
g 01 "p

'.\:"0’
Py
0.01 'n»“‘“’ ‘e *
Cr = 3x107 -
0.001
0.01 0.1 | 10 100
Roughness Reynolds Number

Figure 5. The clear water bed drag coefficient versus the roughness Reynolds number for the time

series illustrated in Figure 4.
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Table 4. Mean Bed Drag Coefficient Under Various Velocity
Ranges Evaluated in the Turbulent Rough Region of Flow

Cyipeqy (Rough)

Drag Reduction,%

0.004983 0
0.004591 79
0.004768 43
0.004877 2.13
0.005289 —6.14
0.003893 219
0.003557 28.6
0.00311 37.6
0.003152 36.7
0.0032 35.8
0.00244 51.0
0.0033 33.8
0.0030 39.8
0.0031 37.8
0.0040 19.7
0.0044 11.7

concentrations higher than about 50 g\L [van Rijn, 1993], yet
drag reduction takes place well below this level [Li and Gust,
2000].

[27] Einstein [1906] studied the effect of elastic, spherical
particle movements on the viscosity of dilute suspensions
with Cpr<0.1 (where Cy-is the volumetric sediment concen-
tration = volume of sediment/volume of water). He found an
increase in dynamic viscosity with increasing concentration
(Figure 3) according to the formula:

T =11 +2.5C,)

) (1

[28] The viscosity of the range of concentrations of the
mud samples were measured using an AR1000 TA Instru-
ments Rheometer. A concentric cylinder geometry was
used to produce the data and the gap between the cylinders
(1500 micrometres) was chosen to limit the effect of the gap
on the measurements. The samples were subjected to pre-
shear so that equilibrium data was obtained for all the
concentrations considered. Instabilities caused by the forma-
tion of Taylor Vortices may be a source of error. Care was
taken so that all the measurements were taken at shear rates
below the critical Taylor number [7aylor, 1923]. The results
can be seen in Table 3 and Figure 3. Thus the effect of

0.006
*

0005 3 Clear Water Drag
— >
5 0004 -
§ >
g PRY 4
2 0.m3 4 N . *
]
2 .
A 0.002

0.001 4

Hindered Scttling Mobile Fluid Mud
0.000

0 20 40 60 80 100 120 140 160 180 200

Concentration (g/1)

Figure 7. The bed drag coefficient versus concentration
evaluated in the rough turbulent region.
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increasing viscosity on the values of drag coefficient and bed
shear stress obtained by Flow Deceleration may be evaluated.

[20] The measurements of viscosity generally parallel
those of Einstein [1906]. Our results show a progressive
divergence with concentration, to about 20% less than those
predicted by Einstein. This is likely due to the nature and size
of the material in suspension.

10. Resuits
10.1. Clear Water Flows

[30] An example of decelerating flow recorded by the
ADV in the Lab Carousel at h = 0.01 m is shown in Figure 4.
The data (logged at 25 Hz) have been averaged over one
second to reduce scatter. Figure 5 shows the estimated drag
coefficient (Cp,(eq)) plotted against the roughness Reynolds
number (Re-, where the roughness length is 0.00045m for
acrylic). The evaluation of Cpyp.y, from this time series
decreases with increasing Re in a quadratic fashion to a value
of about 0.1 and then tends asymptotically to a constant value
of'about 0.005. The mean Cpyg ;5 value for the turbulent rough
flow regime was calculated as 0.005. Figure 6 shows an
increase in shear stress with increasing flow velocity,
described by the relationship, T = 3.00 u?, R*> = 0.88. The
results shown in Figures 5 and 6 support previous observa-
tions by Thompson et al. [2004].

10.2. Turbid Flows

[31] Fifteen different concentrations of turbid flows were
simulated in the Lab Carousel by mixing clay suspensions
in fresh water to: 0.1, 0.5, 1, 3, 5, 10, 20, 40, 50, 60, 80,
110, 140, 170 and 200 g/L. The clay-water mixture was
accelerated in the Lab Carousel to ~0.8 m/s and then left to
decelerate to still water conditions. The flow velocity of the
decelerating fluid was recorded by the ADV sensor at a
height of ~0.01 m above the flume bed at 25 Hz. The mean
value of the bed drag coefficient from these records was
calculated as a function of flow velocity (Table 4) for the
turbulent rough regime. The investigation of drag reduction
is restricted to the drag coefficients in the turbulent regime
where C;, may be considered as constant. Within this
region, it can be assumed that the eddy diffusivity processes
exceed those of shear diffusion [Leighton and Acrivos,
1987], which can lead to changes in viscous effects in

0.0050

0.0045

0.0040

0.0035

0.0030

0.0025

0.0020

Drag Coefficient

0.0015

0.0010 *

0.0005 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Concentration (g/1)

Figure 8. Bed drag coefficient normalized for both mass
and viscosity, versus mass concentration.
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Figure 9. Drag coefficient versus concentration. The solid lines separate the different areas of behavior;
the dotted lines show the maximum concentrations reported in the literature.

Couette flow type devices. There is an overall decrease
of Cpgxypedy values with increasing concentration up to
approximately 200 g\L, at which point the drag coefficient
increases to close to clear water values. The maximum
reduction in drag coefficient of 51% suggests that signifi-
cant drag reduction occurred because of the presence of
suspended sediment (Figure 7).

[32] Flow deceleration is linearly related to the change in
mass (m, and thus internal momentum) due to changes in
concentration (see equation (2)). The increase in fluid/
sediment mass of the suspensions has been evaluated and
the effects normalised by application of equation (12). The
turbidity-reduced Cp, values were thus normalised according
to the relationship:

Cozytbed)norm) = CDiz)lbed) (12)

( Miotal \

Myater )

where Myuer = 452 kg is the mass of water in the Lab
Carousel and Mg = Myyier + Mgy

[33] The normalised values of Cp increase with increas-
ing concentration. The bed drag coefficient was also nor-
malised for changes in fluid viscosity by the relationship:

, "
Chizytedsnorm) = Coiz)ibed) (“‘} (13)
Nm/

The drag coefficients are lower at high concentrations than
in clear water, signifying higher drag reduction (Figure 8).

[34] The maximum drag reduction before the application
of equations (12) and (13) appears to fall into four distinct
ranges: (1) 0-3 g\L, (2) 5-20, (3) 20— 140, and (4) >140g\L
(Figure 9). In the first range, Cp, appears constant indicating
a Newtonian behavior of the dilute suspensions. For range 2
the drag coefficient decreases linearly with increasing
concentration — the region of drag reduction. In range 3,
the drag is relatively constant and minimum, and in range 4
an increase of the drag to near clear water values and greater
occurs. The drag coefficient shows an increasing reduction
in drag with increasing concentration after being normalised
by both mass and viscosity. The normalised shear stress for
velocities of ~0.8 m/s shows the same reduction with
increasing concentration (Figure 10). Comparing the nor-
malised and nonnormalised versions of the data allows us to

isolate the effects caused by mass and viscosity changes due
to increased suspended loads.

11.

[35] It has been proposed that the presence of fine-grained
suspended sediment in flows can significantly change the
structure of the boundary layer [Dyer, 1986; Mehta and Dyer,

Discussion

19907 increasing the thickness of the viscous sublayer by a

factor of 2 to 5 [Gust, 1976] Therefore the bed shear stress
derived from either velocity profile measurements or the
Quadratic Stress Law, based on a single velocity measure-
ment at a fixed height would be overestimated in turbid flows
if turbidity effects were not considered [Gust, 1976; Gust and
Walger, 1976]. This has been explained by the existence of
drag reduction, which results in the decrease of shear stress in
the viscous sublayer relative to the apparent shear stress in the
logarithmic layer [ Gus?, 1976; Best and Leeder, 1993; Li and
Gust, 2000]. However, some researchers have found that an
increase in friction factors occurs with increased suspended
load concentrations [Yano and Daido, 1964; Tauggart et al.,
1972; Ippen, 1973; Lyn, 1991]. It is this discrepancy which
this investigation examines.

[36] The data presented in this paper confirm the occur-
rence of drag reduction in flows with concentrations of clay
in suspension up to 200 g\L. The reduction in bed drag
coefficient is shown in Figure 7 and peaks at over 50% of

350
*
= 3.00 4
=
2 250
£ l 4
wm
5200 4
3
5 .
= L3507
2
ﬁ 1.00 1 ¢ A A
g !
.
z i * *
0.50 . . .
0.00 T - T
] 50 190 150 200

Concentration (g/l)

Figure 10. Normalized shear stress versus concentration
for a velocity ~0.8 m/s.

7 of 8

88



C04008

the clear water drag values. However, above this concen-
tration, drag enhancement occurs. The effect of drag reduc-
tion, while still present, appears to be reduced with
increasing suspended sediment concentration, recovering
to almost clear water values at maximum concentrations.
[37] Past investigators who discovered only a continuing
reduction in drag values with increasing sediment concentra-
tions were working with relatively low sediment concentra-
tions. Gust and Waloer T19761used am

tions. Gust and Walger [1976]used arr
of only 380 mg\L and Best and Leeder [1993] used a
maximum concentration of 2.2 g\L. The present study uses a
range of concentrations of up to 200 g\L, which encompasses
both phenomena of drag reduction at relatively low suspended
concentrations and a drag enhancement at concentrations
above 140 g\L.

[38] When the data are normalized to remove the inertial
effect of the mass of sediment in suspension and the effect of
changing viscosily (measured using a viscometer) on flow
deceleration, the drag reduction at concentrations above
140 g\L appears to become more pronounced (Figure 10).
This is due to the differences between the way the fluid acts
within the viscometer (where it is forced into Laminar flow),
and within the flume, where turbulence is free to occur. The
large drag reduction over and above the effect of viscosity
(which is illustrated when viscosity is accounted for by
normalization) shows that at high concentrations there is still
a reduction in drag, likely to be caused by turbulence damp-
ing, which works in opposition to the effect of increasing
viscosity which leads to the appearance of drag enhancement.

[39] The findings of this investigation agree with the find-
ings of Wang et al. [1998], who found that above a certain
concentration, viscous effects become greater than the drag
reduction mechanism masking the drag reduction mechanism.

[40] Bed drag coefficient has been shown to respond
significantly to an increase in the suspended sediment con-
centration: (1) a suspended sediment load up to 20 g\L subject
to unidirectional channel flow exhibits a reduction of the bed
drag coefficient up to 50% when compared to clear water
values, (2) at higher concentrations (up to 200 g\L) the effect
of drag reduction is masked by an increase in viscous
resistance which returns the values of the drag coefficient
to close to those of clear water (this is because, as suspended
sediment concentrations increase, viscous effects begin to
outweigh the drag reduction mechanisms), and (3) when the
effect of this viscous resistance is removed by normalization,
a reduction of drag by turbulence damping is evident.
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Centre for Coastal Processes, Engineering and Management (CCPEM)
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